Genetic analysis of gene silencing in Arabidopsis thaliana by Qin, Huaxia
University of Tennessee, Knoxville 
TRACE: Tennessee Research and Creative 
Exchange 
Doctoral Dissertations Graduate School 
8-2002 
Genetic analysis of gene silencing in Arabidopsis thaliana 
Huaxia Qin 
University of Tennessee 
Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss 
Recommended Citation 
Qin, Huaxia, "Genetic analysis of gene silencing in Arabidopsis thaliana. " PhD diss., University of 
Tennessee, 2002. 
https://trace.tennessee.edu/utk_graddiss/6292 
This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee 
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact 
trace@utk.edu. 
To the Graduate Council: 
I am submitting herewith a dissertation written by Huaxia Qin entitled "Genetic analysis of gene 
silencing in Arabidopsis thaliana." I have examined the final electronic copy of this dissertation 
for form and content and recommend that it be accepted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, with a major in Botany. 
Albrecht von Armin, Major Professor 
We have read this dissertation and recommend its acceptance: 
Accepted for the Council: 
Carolyn R. Hodges 
Vice Provost and Dean of the Graduate School 
(Original signatures are on file with official student records.) 
To the Graduate Council: 
I am submitting herewith a dissertation written by Huaxia Qin entitled "Genetic 
Analysis of Gene Silencing in Arabidopsis thaliana". I have examined the final 
paper copy of this dissertation for form and content and recommend that it be 
accepted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, with a major in Botany. 
We have read this dissertation 
and recommend its acceptance: 
Albrecht von Amim, Major Professor 
Accepted for the Council: 




OF GENE SILENCING IN ARABIDOPSIS 
THAL/ANA 
A Dissertation 
Presented for the 
Doctor of Philosophy 
Degree 




The past four years and seven months of my study at The University of Tennessee 
have been very rewarding, thanks to all my teachers and friends. Especially, I 
would like to thank my major adviser Dr. Albrecht von Amim. He is always 
encouraging and full of patience. His guidance led me through the hard journey of 
the doctoral study. I am also grateful to my other committees Dr. Barry Bruce, Dr. 
Bruce McKee, Dr. Andreas Nebenfuehr and a previous committee member, Dr. 
Gary Stacey, for their support and advice. I appreciate the friendship and warm 
assistance from my fellow lab members and people of the Botany department as 
well. 
The project reported here was initiated when Dr. von Amim was a postdoc in Dr. 
Xing-Wang Deng's lab. Dr. von Amim did the preliminary characterization of the 
transgenic lines, started the mutagenesis and conducted the nuclear run-on 
experiment. He also joined in the experiments for studying transgene interactions. 
Dr. Yunzhou Dong and Dr. von Amim isolated most of the flanking sequences of 
the transgenic lines. I thank them for their input into the project. 
Lastly, special thanks to my parents and my husband, Tao Shi. Their love gives me 
the strength to reach where I am. 
ii 
Abstract 
Gene silencing frequently occurs in transgenic plants, the mechanism of which 
underlines an epigenetic control of plant genome structure and expression, but is 
poorly understood. A system of gene silencing was established in Arabidopsis 
thaliana. Transgenic plants expressing a fusion protein between either 
beta-glucuronidase (GUS) or green fluorescent protein (GFP) and 
CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COPl) displayed three types of 
gene silencing phenotypes, type L (late onset), type E (early onset) and type C 
(complex), which could be distinguished based on the gene dosage dependence and 
developmental timing of silencing, post-transcriptional versus transcriptional 
control, and the extent of endogene cosuppression. Chromosomal flanking 
sequences of seventeen transgene loci were isolated and characterized. Type Land 
type E loci had one and two T-DNAs, respectively, and were silenced 
post-transcriptionally. Gene dosage alone was important and allelic interaction was 
not required for type L silencing. On the other hand, the early onset endogene 
silencing in type E lines was determined by both gene dosage and the arrangement 
of T-DNAs in the transgene loci. Type C loci contained two or more T-DNAs, and 
were transcriptionally silenced. Two type C loci were able to heritably suppress 
cosuppression in type L and type E loci, a phenomenon reminiscent of 
paramutation. The paramutated state of a type Land a type E locus was reversible, 
and was not correlated with DNA methylation on the transgene coding sequence. 
One paramutated type L locus acquired the ability to suppress silencing of a 
paramutable locus in trans and might have become paramutagenic. In summary, 
gene silencing phenotypes were strongly correlated with transgene locus structure, 
while the effect of genomic environment on gene silencing was not significant. The 
possibility that PTGS could mature into TGS during plant development or through 
generations was suggested by the epigenetic transition of type C lines and of 
transgenic lines harboring more than two transgene loci. Ecotype effects on PTGS 
in the system were discovered between Nossen and Enkheim ecotypes, and 
between Columbia and Landsberg ecotypes, which leads to a new way of 
identifying genes in charge of PTGS. 
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Chapter 1. Introduction 
Transgenic technology is widely used in modem plant research and agriculture. 
Transgene expression is often characterized by variable, including unexpectedly 
poor, accumulation of cytoplasmic mRNA. This phenomenon is called gene 
silencing. Gene silencing is an epigenetic event in plants, that includes cis-
inactivation and trans-silencing among homologous transgenes, cosuppression of 
endogenous genes by homologous sequences and inactivation of homologous 
sequences mediated by viruses. Because interactions between homologous or 
complementary nucleic acids are in common among these cases, they are often 
referred to as homology-dependent gene silencing (HOGS) (Napoli et al., 1990; 
Neuhuber et al., 1994; reviewed by Fagard and Vaucheret, 2000; Meins, 2000). 
Since the first discovery of gene silencing in transgenic plants more than a decade 
ago, research has advanced greatly in the field. Gene silencing is not just 
associated with transgenic plants, the mechanism is used by plants for epigenetic 
control of genome structure and expression. As transposable elements and viruses, 
transgenes are received by plants as intruders, and the activation of gene silencing 
is a defense against the destruction of plant genome integrity by these elements. 
Elucidating the mechanism of gene silencing is important for understanding the 
fundamental gene regulatory processes in plants. Moreover, gene silencing 
mechanisms can be employed in basic research and biotechnology, to selectively 
suppress undesirable genes, and improve the stability of beneficial transgene 
expression. 
Based on the level at which silencing occurs, two types of HOGS can be 
distinguished. Transcriptional gene silencing (TGS) is characterized by a low 
transcription rate while post-transcriptional gene silencing (PTGS) has a normal 
transcription rate, but the mRNA of the silenced gene is specifically degraded in 
the cytoplasm. TGS is meiotically stable and is thought to have evolved as a 
mechanism to control the impact of transposable elements. PTGS is 
developmentally regulated and meiotically reversible. It can confer resistance to 
cytoplasmic viruses and viruses have evolved means to counteract it. 
Although HOGS has been widely studied in transgenic plants, the first example of 
a homology-dependent trans-silencing phenomenon was documented in maize 
and named 'paramutation' (Brink, 1956; reviewed by Rollick et al., 1997; 
Chandler et al., 2000). Paramutation is a directed, meiotically heritable change of 
the expression of one allele invoked by a specific partner allele. Where RNA 
expression levels have been tested, paramutation is more similar to TGS than to 
PTGS (see below). And like TGS, paramutation is meiotically heritable. 
1.1 Paramutation and related allelic interactions 
1.1.1 Paramutation in maize loci 
Paramutation has been most intensively studied in three maize loci, rl, bl and 
pll, which encode transcription factors that regulate anthocyanin pigment 
production (Chandler et al., 2000). Alleles that can change the expression level of 
other alleles are termed 'paramutagenic' and alleles that are sensitive to 
paramutation are termed 'paramutable'. Two assays are routinely used to monitor 
paramutation. One is the ability of a paramutagenic allele to cause a heritable 
reduction in the expression of a paramutable allele. The other is the heritable 
alteration of the paramutable allele into a paramutagenic allele. At maize bl and 
pll loci, these two phenotypes always occur simultaneously and completely (Coe, 
1966; Rollick et al., 1995). In contrast, at the rl locus, a paramutable haplotype is 
changed into a weakly paramutagenic haplotype after it segregates from the 
paramutagenic haplotype (Brown and Brink, 1960). Among the alleles 
participating in paramutation, b and pl alleles are simple, single genes, while the r 
haplotypes contain multiple gene copies and often include rearrangements. The 
paramutagenic and paramutable rl haplotypes share rl coding sequences and 
parts of the promoter regions, but these coding and promoter regions are arranged 
in structurally distinct ways (Chandler et al., 2000). However, the bl and pll 
paramutagenic alleles arose through spontaneous changes of paramutable to 
paramutagenic alleles and there is no structural difference between paramutable 
and paramutagenic alleles (Coe, 1966; Rollick et al., 1995). 
Detailed recombination analysis has been done in the rl and bl loci in order to 
map the sequences required for paramutation to specific regions. However, the 
exact and minimal sequences responsible for paramutation remain to be defined 
(Patterson et al., 1995; Kermicle et al., 1995; Kermicle, 1996; Chandler et al., 
2000). The sequence required for bl paramutation is located to the promoter-
proximal region (Patterson et al., 1995). In certain paramutagenic rl haplotypes, a 
reduction of the number of rl genes generally result in decreased 
paramutagenicity, while stepwise increases in the number of rl genes result in 
incremental increases in paramutagenicity (Kerrnicle et al., 1995). A specific set 
of physical features is associated with rl paramutability, including presence of a 
specific fragment and a gene inversion. However, no physical features were 
strongly correlated with paramutagenicity or neutrality (the inability to participate 
in paramutation) of rl haplotypes (Walker and Panavas, 2001). 
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Paramutation at the maize bl and pll loci correlates with a reduced transcription 
rate (Patterson et al., 1993; Hollick et al., 2000). No correlation with methylation 
is observed upon bl and pll paramutation (Patterson et al., 1993; Hollick et al., 
2000). But methylation status is able to distinguish between the paramutagenic r 1 
haplotypes and the neutral haplotypes. The paramutagenic r 1 haplotypes have 
high levels of cytosine methylation over certain regions of the genes while the 
neutral haplotypes lack heavy cytosine methylation over these regions (Walker 
and Panavas, 2001). In spite of the lack of differences in DNA methylation, a 
study of chromatin structure reveals differences in the promoter-proximal region 
of bl. The paramutable allele is associated with a more open chromatin structure 
than the paramutagenic allele (Chandler et al., 2000). 
Paramutation induced by a transgene 
Recently, a transgene induced paramutation of the maize pl gene has been 
reported (Sidorenko and Peterson, 2001). The maize pl gene encodes a myb-
homologous transcriptional regulator of phlobaphene pigment biosynthesis. The 
P 1-rr allele gives plants red pericarps and red cobs. The 5' regulatory region of 
the P 1-rr allele has a complex structure consisting of a basal promoter and two 
enhancer elements. Plants carrying the beta-glucuronidase (GUS) reporter gene 
fused with the distal enhancer fragment exhibit strong suppression of both the 
trans gene and the endogenous P 1-rr gene. The phenotype of the suppressed P 1-rr 
allele is highly heritable even in the absence of the P 1 :GUS gene and is correlated 
with increased DNA methylation and a decreased transcription level. Moreover, 
the suppressed P 1-rr allele displays paramutagenic effects on a naive P 1-rr allele. 
These results demonstrate that a small region of a promoter located in an ectopic 
location is sufficient to initiate paramutation of an endogenous gene. The 
experiments also suggest close similarity between paramutation and 
transctiptional transgene silencing. 
Paramutation mutants in maize 
Mutations affecting paramutation have been isolated from maize. One mutation, 
mop] (mediator of paramutation), affects paramutation at multiple loci, which 
suggests that a common mechanism underlies paramutation (Dorweiler et al., 
2000). The other two mutations, nnrl, nnr2 (required to maintain repression) 
were isolated by their ability to suppress paramutation in specific pll alleles that 
participate in pararnutation (Hollick and Chandler, 2001). Maize plants 
homozygous for mop 1-1 had pleiotropic developmental defects (Dorweiler et al., 
2000), suggesting that mop] may affect more genes than just the ones known to 
participate in paramutation. In contrast, nnr mutant plants have no gross 
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developmental abnormalities even after several generations of inbreeding (Hollick 
and Chandler, 2001), implying that RMRI and RMR2 functions are not generally 
required for developmental homeostasis. 
1.1.2 Paramutation-like transgene interaction 
Paramutation-like phenomena are not restricted to pigment genes in maize, but 
have been reported in other species, including transgenic plants. Paramutation at 
the sulfurea locus in tomato affects chlorophyll accumulation (Hagemann, 1969). 
The al transgene in petunia, conferring flower pigmentation, and the H2 
transgene locus in tobacco, providing hygromycin resistance, are two examples 
from transgenic plants (Meyer et al., 1992; Matzke et al., 1994). 
The al transgene {line 17) in petunia 
The al transgene in petunia is a maize gene, which encodes an enzyme necessary 
for pigment production. Most independent al transgenic lines produce red flower 
color stably. But one line (line 17) exhibits somatic instability. When the white-
flowered derivatives are crossed to red-flowered siblings, predominantly white-
flowered plants are produced (Meyer et al., 1993). The locus in this line contains 
a single transgene and the paramutable and paramutagenic al alleles appear to be 
structurally identical. Silencing of the al transgene happens at the transcriptional 
level and is correlated with methylation (Meyer et al., 1993). The al transgenes 
found in other genomic locations are not paramutagenic and are not affected by 
the paramutagenic al trans gene in line 17, suggesting that the observed 
paramutation is influenced by genomic context. 
The 27 I/H2 transgenes in tobacco 
The tobacco 271 transgene locus can transcriptionally silence any other transgene 
that shares as little as 90 bp sequence identity with the cauliflower mosaic virus 
(CaMV) 35S promoter (Vaucheret et al., 1996). The H2 locus is a highly sensitive 
target locus of 271. Unlike other H trans genes found elsewhere in the genome, the 
suppressed state on H2 is heritable (that is, H2 is paramutable). The only 
sequence homology between the 271 and H2 loci is the CaMV 35S promoter 
sequence. Silencing of the H2 transgene is associated with a reduced 
transcriptional rate and increased methylation of the 35S promoter. The behavior 
of the H2 transgene is distinct from other examples because H2 does not acquire 
paramutagenic activity and it involves interactions between non-allelic transgenes 
(Park et al., 1996). 
4 
1.1.3 Models for paramutation 
The mechanism of paramutation is not known yet, but it seems that chromatin 
structure is involved in the maintenance of the expression states through 
development and in their transmission to the next generation, and/or the 
communication between different alleles. DNA methylation or protein complexes 
associated with the DNA sequence could serve as the memory to re-establish a 
particular chromatin structure and gene expression state after DNA replication. 
Allele communication could be achieved by somatic paring of homologous 
sequences. Pairing of homologous chromosomes has been reported in the later 
stages of flower development (Aragon-Alcaide et al., 1996) and in 6-week-old 
tobacco plants (Matzke et al., 2001). It is possible that pairing interactions may 
occur transiently in developing embryos and meristems, that is, at stages in which 
paramutation is likely to occur (Chandler et al., 1996). Alternatively, an RNA 
sequence could mediate the interaction between alleles. A known example of 
RNA mediated chromatin structure remodeling comes from the Xie locus, which 
controls the inactivation of X chromosomes in mammalian cells (Lee et al., 1996; 
Penny et al., 1996; Lee and Jaenisch, 1997). A report about a paramutation-like 
interaction in Phytophthora also suggests an RNA component (van West et al., 
1999). 
1.2 Transcriptional gene silencing 
Gene silencing through repression of transcription is called TGS. TGS can occur 
in cis when a locus contains multiple copies of a transgene (e.g. Assaad et al., 
1993; Mittelsten Scheid et al., 1998; Furner et al., 1998; Ye and Signer, 1996), or 
in trans, when an active transgene is silenced by a second transgene driven by an 
identical promoter (e.g. Vaucheret et al., 1996; Matzke et al., 1994). In general, 
transcriptionally silenced transgenes acquire metastable epigenetic states that are 
characterized by altered methylation patterns and chromatin structure (Prols and 
Meyer, 1992; Assaau et al., 1993; Meyer et al., 1993; Vaucheret, 1993; Matzke et 
al., 1994; Park et al., 1996; Ye and Signer, 1996; van Blockland et al., 1997; 
Dieguez et al., 1998; Mittelsten Scheid et al., 1998; Stam et al., 1998). Although 
altered methylation patterns in the promoter region are associated with TGS 
(Jeddeloh et al., 1998), methylation alone probably does not repress transcription 
(Dieguez et al., 1998). Instead, it probably assists chromatin components that 
induce transcriptional silencing. In mammalian cells, MeCP2, a protein that binds 
methylated DNA, can form a complex with histone deacetylase (Jones et al., 
1998b). The resultant deacetylation of core histones H3 and H4 compresses the 
chromatin, rendering it inaccessible to the transcriptional machinery. A human 
neurodevelopmental disorder, Rett syndrome, is caused by mutations in the 
MeCP2 gene, indicating the importance of this gene product during development 
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(Amir and Zoghbi, 2000). KRYPTON/TE is a specific histone H3 
methyltransferase gene isolated from a mutant screen for suppressors of gene 
silencing in Arabidopsis. The methylated H3 interacts with a specific 
heterochromatin protein, which in tum recruits CHROMOMETHYLASE3 
(CMT3), a methylase required for maintenance of CNG methylation (Jackson et 
al., 2002; Lindroth et al., 2001; Henikoff and Comai, 1998). Thus, DNA 
methylation, chromatin structure and gene silencing are linked together. 
TGS mutants 
Arabidopsis TGS mutants sil (silencing, Furner et al., 1998) and mom (Morpheus 
molecule, Amedeo et al. 2000) reactivate genes without changing the methylation 
state (Table 1.1). In contrast, three other groups of TGS mutants, ddm (decreased 
DNA methylation, Vongs et al., 1993), som (somniferous, Mittelsten Scheid et 
al., 1998) and hog (homology-dependent gene silencing, Furner et al., 1998) 
release silencing in association with decreased levels of DNA methylation (Table 
1.1). The DDMJ gene belongs to the SWI2/SNF2 gene family of chromatin-
remodeling proteins (Jeddeloh et al., 1999). The ddml/som mutations probably 
activate gene expression by changes in chromatin structure, which indirectly 
causes hypomethylation. For example, plants, in which a major methyltransferase 
(METJ) is silenced by an antisense construct (asMETJ), display hypomethylation, 
but do not release TGS, of a transgene locus. However, the same locus does 
recover activity in ddml or som mutants, thus implicating a repressive chromatin 
conformation in silencing (Mittelsten Scheid et al., 1998). 
Endogenous targets of TGS 
The endogenous targets of TGS in plants are revealed by sequences that are 
deregulated in TGS mutants to shed light on the natural role of transcriptional 
repression. Endogenous genes, transposons and sequences of unknown functions 
are three types of sequences that are reactivated in TGS mutants. A 
transcriptionally silenced gene of a small gene family and a parentally imprinted 
gene are found to be active in the ddml mutant (Jeddeloh et al., 1998; Vielle-
Calzada et al., 1999). Silent transposons, including the retroelement Tar17 and 
mutator-like elements, are also hypomethylated and transcriptionally active in 
ddml plants (Hirochika et al., 2000; Vaucheret and Fagard, 2001). 
Transcriptionally silent information (TSI) sequences were identified by 
subtractive hybridization of cDNA from wild-type plants and the mom] mutant 
(Steimer et al., 2000). It is assumed that TSI do not encode any protein and the 
function, if any, of TSI RNAs is not known. RNA from TSI occurs in all known 
TGS mutants, as well as in the methylation mutant ddm2 (encoding METl), 
implying that TGS in general and not a particular gene controls the transcriptional 
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Table 1.1 Arabidopsis gene silencing mutants 
Mutant Product System used to isolate Mutagen References 
name the mutant 
TGS 
ddml SWI/SNF2-like non-transgenic EMS Vongs et al., 1993 
chromatin remodeling Arabidopsis 
protein 
soml, som4, som5, ddml alleles 35S:HPT (lineA) EMS, Mittelsten Scheid 
s01116, som7, som8 FNR et al, 1998 
s01112, sand unknown 
sil 1, si/2 unknown nos: NPT, 35S: HPT, EMS, Furner et al .• 1998 
hog/ unknown chs: CHS X-ray 




sgsl unknown 35S: GUS (line LI) EMS Elmayan et al., 1998 
sgs2 RdRP 35S: GUS (line LI) EMS Mourrain et al., 2000 
sgs3 coiled-coil protein 35S: GUS (line LI) EMS Mourrain et al .• 2000 
ago/ PPD protein 35S: GUS (line LI) EMS Fagard et al., 2000 
sdel sgs2 allele 35S: GFP, 35S: PVX-GFP FNR Dalmay et al., 2000 
sde3 RNA helicase 35S: GFP, 35S: PVX-GFP FNR Dal may et al .• 200 I 
sde2, sde4 unknown 35S: GFP, 35S: PVX-GFP FNR Dalmay el al., 2000 
egsl, egs2 unknown 35S: ro!B EMS Dehio et al.. 1994 
EMS: ethylmethane sulfonate FNR: fast neutron irradiation NPT: neomycin phosphotransferase 
HPT: hygromycin phosphotransferase CHS: chalcone synthase PYX: potato virus X 
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activity of TSI sequences. The second group of sequences with an altered 
expression patterns by TGS mutants are sequences that are naturally expressed in 
wild-type plants, but are silenced in TGS mutants. The floral developmental genes 
SUPERMAN (SUP) and AGAMOUS (AG) are occasionally hypermethylated and 
silenced in ddml and met] mutants, although the majority of the genome becomes 
hypomethylated in these mutants (Jacobsen et al., 2000). The depression of TSI 
sequences and the formation of silenced sup and ag alleles provide evidence that 
the global pattern of genomic methylation is carefully controlled by the 
transcriptional silencing machinery via positive as well as negative pathways. 
De novo methylation signals for TGS 
The maintenance of symmetric methylation (CG sites) through the DNA 
replication cycle is under the control of the MET1/DDM2 methyltransferase. In 
contrast, it is less clear how de novo methylation is initiated and what controls the 
loss of methylation. Both DNA-DNA pairing or DNA-RNA interaction can 
induce de novo methylation in plants (e.g. Luff et al., 1999; Mette et al., 1999). 
Inverted repeats and/or complex tandem repetitive arrays have been correlated 
with cytosine methylation and gene silencing effects in a number of plant systems 
(Matzke et al., 1994; Eggleston et al., 1995; Chopra et al., 1998; Stam et al., 
1998; Luff et al., 1999). For example, the Wassilewskija (WS) ecotype of 
Arabidopsis has four PAI genes and two of them are in an inverted repeat 
configuration. The four genes are methylated over their regions of sequence 
identity. The Columbia (Col) ecotype has three singlet PAI genes with no 
methylation (Bender and Fink, 1995). After introducing the WS inverted repeat 
locus into the Col background, all three unmethylated Col PAI genes were de 
novo methylated. Moreover, a promoterless inverted repeat PAI transgene 
displayed similar effect as the endogenous inverted repeat. The results show that 
methylation is communicated by a DNA-DNA pairing mechanism (Luff et al., 
1999). 
On the other hand, dsRNA has been shown to act as a trans-acting methylation 
signal in plants (Wassenegger et al., 1994; Mette et al., 1999; Mette et al., 2000; 
Sijen et al., 2001). For example, an inverted repeat of a nopaline synthase 
promoter (NOSpro) sequence positioned downstream of a 35S promoter is able to 
silence an unlinked NOSpro driven neomycin phosphotransferase (npt/1) gene in 
both transgenic tobacco and Arabidopsis. The NOS-nptII gene is transcriptionally 
silenced, accompanied by de novo methylation at the promoter region. In the 
silenced plants, NOSpro dsRNA was detected and so were small NOSpro RNAs 
-23 nucleotides in length (Mette et al., 2000). Initiation of RNA-directed DNA 
methylation is METl-independent, whereas maintenance of methylation and TGS 
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m the subsequent generations m the absence of the RNA trigger ts METl-
dependent (Jones et al., 2001). 
The demonstration of RNA-directed DNA methylation raises the question 
whether the aforementioned DNA-DNA interactions might also be mediated by 
RNA molecules. Actually, the involvement of RNA-directed methylation has not 
been completely ruled out in those cases. Even when there is no dsRNA or small 
RNA detected, it is still possible that a small amount of RNA molecules, beyond 
the sensitivity of the testing assay, exists, that is sufficient to trigger methylation 
of the homologous sequence. 
In summary, transcriptionally silenced transgenes are typically associated with 
DNA methylated within the promoter region~bur condensed c]iromatin structyre 
- -••----•-••••••-••- •••-•- ...__,...,_,,._-,,-,w-~••--• ,s~• 
may be tne direct reaso1f'fof the reductlon of transcription. De novo methylation 
can be induced by DNA-DNA interaction or by dsRNA derived from promoter 
sequences. The natural targets of TGS are transposons as well as endogenous 
genes. 
1.3 Post-transcriptional gene silencing 
PTGS results in the specific degradation of a population of homologous RNAs. 
Sequence-specific RNA degradation processes related to PTGS have also been 
found in ciliates, fungi (quelling), and a variety of animals (RNA interference) 
from Caenorhabditis elegans to mice (Bosher and Labouesse, 2000; Cogoni and 
Macino, 2000; Ding, 2000). 
Initiation of PTGS 
PTGS may be efficiently triggered in plants with highly transcribed single 
transgene copies or in plants carrying two transgene copies arranged as an 
inverted repeat (IR, Vaucheret et al., 2001). The first scenario prompts the 
arguments that PTGS is initiated by a transgene producing a particular form of 
RNA above a threshold level. Consisted with this idea, PTGS is triggered more 
efficiently when strong promoters are used and :eTGS is more efficient i_.!! __ plants__ 
~~_omozygous fo_!__!b1Llr~i,de Carvalho et al., 1992; Que et al., 1997). PTGS 
in ptanfscoiiiaining IR can be explained by the formation of <!_sRNA by read-
through transcripts and the dsRN,A _C~!l initiate PTGS at a high ~fficiency · even 
wb~nprod~d__Ju a iu~I~~el (van Bl~~ki~~d ~t aL: 1994). Incleed: PTGS is·· 
initiated efficiently in plants that can generate dsRNA (Hamilton et al., 1998; 
Waterhouse et al., 1998; Chuang and Meyerowitz, 2000; Smith et al., 2000; 
Schweizer et al., 2000). 
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A model for the RN Ai pathway 
The dsRNA theory coincides with RNA interference (RNAi) in animals, the 
specific RNA degradation triggered by injection of homologous dsRNA (Fire et 
al., 1998) or expression of panhandle transgenes (gvemarakis et. al.,_)00Q2. 
Detailed biochemical studies in Drosophila lead to the establishment of a four-
step model for the RN Ai pathway (Hutvagner and Zamore, 2002). The first step is 
the ATP-dependent, processive cleavage of long dsRNA into 21-25 nucleotide 
double-stranded small interfering RNAs (siRNAs) by the multi-domain RNase III 
enzyme, DICER (Hammond et al., 2000; Zamore et al., 2000; Elbashir et al., 
2001; Bernstein et al., 2001). After initiation, these siRNAs are incorporated into 
a protein complex called RNA-induced silencing complex (RISC). But the RISC 
is not yet competent to mediate RNAi at this point. In the third step, ATP-
dependent unwinding of the siRNA duplex remodels the complex to generate an 
active RISC* (Hammond et al., 2000; Nykanen et al., 2001). In the final step, the 
RISC* recognizes and cleaves a target RNA complementary to the guide strand of 
the siRNA (Nykanen et al., 2001; Hammond et al., 2001). Consistent with the 
study in Drosophila, a species of antisense RNA, about 25-nucleotide in length 
and complementary to the target mRNA, was found in three types of transgene 
induced PTGS and one example of virus-induced PTGS in plants (Hamilton and 
Baulcombe, 1999). 
PTGS mutants 
Mutants stimulating or inhibiting PTGS have been identified in Arabidopsis 
(Table 1. 1). The egsl and egs2 mutants show increased silencing efticie~cyof"a 
35S-rolB transgene (egs for enhancer of gene silencing; Dehio and Schell, 1994). 
The rolB gene of Agrobacteriunz rhizogenes impairs shoot differentiation when 
introduced into Arabidopsis in the chimeric form 35S-rolB. 
On the other hand, sgs mutants, inhibit silencing of a 35S-GUS transgene and 
define three genetic loci (sgs for suppressor of gene silencing; Elmayan et al., 
1998; Mourrain et al., 2000). SGS2 encodes a protein similar to tomato RNA-
directed RNA polymerase (RdRP) and it is similar to QDEJ, which is required for 
quelling in Neurospora crassa (Cogoni and Macino, 1999a), and EGOJ, which is 
required for RNAi in the nematode C. elegans (Smardon et al., 2000; Table 1.2). 
The SGS3 gene in Arabidopsis is unique to plants. It encodes a coiled-coil protein 
sharing no significant similarity with any known or putative protein (Mourrain et 
al., 2000; Table 1.2). The third locus, SGSJ remains to be cloned. 
A screen of the same 35S-GUS transgenic plants also identified a mutant impaired 
in a previously isolated gene, AGO] (Fagard et al., 2000). AGOJ shares similarity 
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Table 1.2 Cellular proteins involved in PTGS 
Protein Organism Mutant name Reference 
RdRP Arabidopsis sgs2 Mourrain et al., 2000 
sdel Dalmay et al., 2000 
Neurospora qdel Cogoni and Macino, 1999a 
C.elegans ego] Smardon et al., 2000 
Coiled-coil Arabidopsis sgs3 Mourrain et al., 2000 
protein 
PPD protein Arabidopsis agol Fagard et al., 2000 
Neurospora qde2 Catalanotto et al., 2000 
C.elegans rdel Tabara et al., 1999 
RNA helicase Arabidopsis sde3 Dalmay et al., 2000 
Chlamydomonas mut-6 Wu-Scharf et al., 2000 
C.elegans smg-2 Domeier et al., 2000 
SMG-5* C.elegans smg-5 Domeier et al., 2000 
SMG-6* C.elegans smg-6 Domeier et al., 2000 
RecQDNA Neurospora qde3 Cogoni and Macino, 1999b 
helicase 
RNaseD-like C.elegans mut-7 Ketting et al., 1999 
rgs-CaM Nicotiana Anandalakshmi et al., 2000 
tabacum 
*SMG-5 and SMG-6 dephosphorylate SMG-2 and are required for RNAi in C. 
elegans. 
JI 
with several proteins, such as QDE2, required for quelling in N. crassa (Cogoni 
and Macino, 1997; Catalanotto et al., 2000), and RDEJ, required for RNAi in C. 
elegans (Tabara et al., 1999), all containing Piwi and PAZ domains (PPD domain; 
Table 1.2). The Piwi domain is a 300-amino-acid domain named after the 
Drosophila Piwi_2rotet!!-.TDLl 10-:amino-a~id PAZaon1_afo._is_-~amed after three of 
the prot~ins co~taini;g this domain: Piwi, Argon-aute and Zwille/Pfrihead, proteins 
functioning in gene silencing and cell differentiation, (Cerutti et al., 2000). QDE2 
is not required for the accumulation of the small RNA molecules associated with 
PTGS, and a purified QDE2 protein complex was found to contain small RNA 
molecules, indicating that QDE2 could be part of a small RNA-directed 
ribonuclease complex involved in sequence-specific mRNA degradation 
(~ et al. 1_2Q02). 
Another set of mutants, inhibiting silencing of a 35S-GFP transgene by a PVX-
35S-GFP amplicon, is named silencing-defective (sde) and defines four genetic 
loci (Dalmay et al., 2000) (PYX: potato virus X; amplicon: a viral vector in the 
form of a transgene, which contains the cDNA of a viral genome modified to 
include a foreign gene). Among the two loci identified molecularly, SDEJ is an 
allele of SGS2. SDE3 encodes an RNA helicase similar to MUT-6, which is 
needed for PTGS in Chlamydomonas (Wu-Scharf et al., 2000), and SMG-2, 
which is involved in RNAi in C. elegans (Domeier et al., 2000; Table 1.2). 
Proteins SMG-5 and SMG-6 dephosphorylate SMG-2 and are also required for 
RNAi (Domeier et al., 2000; Table 1.2). 
Cellular proteins involved in PTGS in plants and other organisms are summarized 
in Table 1.2. In addition to the proteins discussed above, there are two more 
proteins from Neurospora and C. elegans. Neurospora QDE3 resembles a RecQ 
DNA helicase, suggesting a change in the chromatin structure might play a role in 
the process of quelling (Cogoni and Macino, 1999b). The MUT-7 gene of C. 
elegans encodes a protein homologous to RNaseD. It was identified in a mutant 
screen for activation of a silenced gerrnline transposon (Ketting et al., 1999). 
Mutants of mut-7 are also resistant to RNAi. Likewise, the RDEJ gene not only 
controls RN Ai but also regulates transposons in C. elegans (Tabara et al., 1999). 
The discovery of the relationship between RNAi and the suppression of 
transposons suggests that TGS and PTGS could form alternative, yet partially 
leaky ways to suppress the same elements, like transposons. However, it is also 
possible that PTGS and TGS act in the same pathway for full control of 
transposon activity. 
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A RNA-mediated PTGS pathway 
The current model assumes that aberrant RNA (abRNA) is the template for RdRP 
to produce dsRNA and SDE3, SGS3 and AGOl facilitate this process (Figure 1.1; 
Vaucheret et al., 2001). abRNA includes prematurely terminated RNA transcript, 
or RNA not normally processed, such as RNA without a polyA tail or with an 
abnormal secondary structure. Transgene loci arranged as inverted repeats or 
viruses can directly produce dsRNA (Beclin et al., 2002). The trigger dsRNA is 
then degraded to 21-25nt siRNAs by an as yet unidentified plant RNase. This step 
is carried out by DICER in Drosophila (Bernstein et al., 2001). Homologs of 
DICER exist in many organisms, including C. elegans, Arabidopsis, the fission 
yeast Schizasaccharomyces pombe and humans. Mutations of the Arabidopsis 
homolog, CARPEL FACTORY, cause severe defects in flower development 
(Jacobsen et al., 1999). The siRNAs could subsequently direct an RNA-
degradation complex, analogous to RISC in Drosophila, to homologous mRNAs, 
triggering their degradation (Figure 1.1 ). 
Systemic silencing signal 
Grafting experiments have revealed that transgenic plants that undergo PTGS 
produce a sequence-specific systemic silencing signal that is able to propagate 
from cell to cell through plasmodesmata and at long distance through phloem 
transport (Palauqui et al., 1997; Voinnet et al., 1998). It is likely that the original 
silencing signals are not only received but also re-produced by unsilenced cells, 
thus resulting in epigenetic transformation of unsilenced cells to silenced cells and 
rapid propagation of PTGS throughout the plant. This systemic PTGS signal has 
not been purified yet and multiple forms may exist, suitable for different ways of 
transportation. In contrast to PTGS, there is probably no systemic signal that can 
trigger TGS, i.e. TGS is cell autonomous (Mette et al., 1999; Jones et al., 1999). 
In one of the grafting experiments, the stock was post-transcriptionally silenced 
for nitrate-reductase genes and the scion was a mutant over-expressing the 
endogenous Nia2 gene owing to metabolic derepression. Nevertheless, silencing 
was transmitted to the overexpressing scion but not to a wild-type scion. The 
finding indicates that over-accumulation of Nia mRNA above the level of wild-
type plants, rather than the presence of a transgene in the scion, is required for 
triggering of RNA degradation during PTGS (Palauqui and Vaucheret, 1998). For 
the maintenance of the PTGS, several experiments indicate that the presence of a 
transgene competent for spontaneous PTGS is required (Palauqui and Vaucheret, 
1998). PTGS is not inherited but acquired in the progeny of plants undergoing 
PTGS. Thus, it is thought to be meiotically reversible. However, recently a study 
in transgenic tobacco plants overproducing luciferase indicated that silencing 
cannot be maintained in proliferating cells, suggesting that strictly speaking, 
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Figure 1.1 A model for RNA-mediated silencing in plants (Vance and 
Vaucheret, 2001; Chandler and Vaucheret, 2001). dsRNA could be produced by 
SGS2/SDE1, a RdRP, using abRNA as a template. The process is facilitated by 
SDE3, a RNA helicase, SGS3, a coiled-coil protein, and AGOl, a PPD domain 
protein. The dsRNAs can be cut by dsRNase (e.g. the DICER enzyme in 
Drosophila), thus generating small RNAs, which target mRNA to an RNA-
degradation complex (named RISC in Drosophila). The_dsRNA could also induce 
methylation of transgenes, which may reinforce its ability to produce abRNAs. 
The maintenance of DNA methylation requires METl, a DNA meihylfransf~~~~~~·. 
and DDMl, a homology of the SWI2/SNF2 chromatin remodeling protein. 
Viruses, as well as transgenes arranged as inverted repeats, can directly produce 
dsRNA. If the dsRNA contains normally transcribed sequences [open reading 
frame (ORF)], it can participate in PTGS. If the dsRNA contains sequences of a 
promoter [designated Pro*, to distinguish it from the promoter (Pro) used to 
initiate this transcription], they can direct TGS of the gene driven by this 
promoter. He-Pro is a viral suppressor of PTGS, probably functioning by 
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PTGS is not reversed by meiosis but rather never occurs in the pre-meiotic cell 
lineage (Mitsuhara et al., 2002). 
DNA methylation and chromatin structure are regulators for PTGS 
Although RNA degradation of PTGS happens in the cytoplasm, it is apparent that 
nuclear processes could also have an impact on PTGS. Specific de novo 
methylation . 9f (trans)gene coding regions is commonly found in PTQS 
- - •• ---·--,........... --- • • ' • ¥ • 
(lngelbrecht et al., 1994; Wassenegger et al., 1994; Jones et al., 1998a; Elmayan 
et al., 1998; Stam et al., 1998; Jones et al., 2001). Methylation of coding 
sequences might give rise to abRNA, the possible template for RdRP (Jones et al., 
1999), although to date the only evidence for this comes from a fungal system 
(Rountree and Selker, 1997). Arabidopsis ddml and met] mutations, which 
efficiently release TGS of a 35S-GUS transgene, stochastically release PTGS of 
another 35S-GUS transgene during development. Therefore, DNA methylation 
and chromatin structure are common regulators of TGS and PTGS (Figure 1.1; 
Morel et al., 2000). Although DNA methylation seems to be dispensable for 
quelling, because it occurs efficiently in the Neurospora dim-2 methylation 
mutant (Cogoni et al., 1996), a putative DNA helicase, QDE3, is required for 
quelling (Cogoni and Macino, 1999b) and could play a role in chromatin 
remodeling during silencing. 
More evidence for relating PTGS and TGS mechanistically comes from the 
common role played by dsRNA (Figure 1.1). Transgenes expressing dsRNA can 
induce J:>TGS whe!l_ .~oding- sequences are used .tn<l, T9S when pr()ITI_Qter 
segue11ces are taken (Sijen et al., 2001). Promoter-derived dsRNAs initially enter 
the sa~~ ·aeg-Yfiliaiion pathway as in PTGS, and are cleaved into small RNAs 
about 23nt in length after being synthesized in the nucleus (Mette et al., 2000; 
Sijen et al., 2001). dsRNA induced silencing is accompanied by the methylation 
of DNA sequences that are homologous to dsRNA (Sijen et al., 2001). In the case 
of PTGS, it is the coding sequence that is de novo methylated and in the case of 
TGS, it is the promoter sequence. 
Briefly, PTGS is a sequence-specific RNA degradation process that propagates 
systemically throughout the plant, and correlates with the accumulation of small 
RNA species. The mechanism of PTGS is being uncovered by mutagenesis 
studies in Arabidopsis and by progress made in quelling and RNAi research. 
Originally thought to be distinct processes, PTGS and TGS have found to be 
related mechanistically. 
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1.4 Plant viruses and gene silencing: defense and counter-defense 
Viruses as targets of PTGS 
Transgenic plants expressing a region of a plant virus genome may be rendered 
resistant to that virus. The resistance is RNA based because expression of the viral 
transgene protein is not required (Lindbo et al., 1993; Smith et al., 1994; Mueller 
et al., 1995; Baulcombe, 1996; Goodwin et al., 1996). This RNA-mediated 
resistance can also take place in transgenic plants with non-viral trans genes, if the 
virus has been engineered to bear that same gene (English et al., 1996). 
Viruses as inducers of PTGS 
In addition to being the targets of PTGS, vjruses can induce_ silencing of 
h~ologotrs(-trans.)genes (virus-induced gene silencing, VIGS). Plant viruses or 
recombinant plant viruses can trigger PTGS if they contain even part of the ORF 
of a nuclear (trans)gene or they can even trigger TGS if they contain the promoter 
sequence of a (trans)gene (Figure 1.1; Al-Kaff et al., 1998; Jones et al., 1999; 
Kumagai et al., 1995; Atkinson et al., 1998; Kjemtrup et al., 1998; Ruiz et al., 
1998). In some cases, transgenic plants are initially susceptible to infection by a 
virus with homologous sequences to the transgene, but would then recover, the 
newly developed tissues being both virus-free and resistant to superinfection with 
the same virus. The transgene can be either virus-derived or non-viral if the virus 
is engineered to contain that transgene (Ruiz et al., 1998). This phenomenon is 
termed recovery. Infection of non-transgenic plants with certain RNA or DNA 
viruses results in a recovery phenotype similar to that described above, an 
additional evidence for PTGS as a general response to virus infection (Ratcliff et 
al., 1997; Covey et al., 1997; Al-Kaff et al., 1998). 
PTGS: an anti-viral defense 
A complete virus-induced and virus-targeted PTGS lies behind the phenomena of 
RNA-mediated cross-protection (Ratcliff et al., 1999). Infection of tobacco plants 
with tobacco rattle virus carrying GFP (TRV-GFP) results in induction of PTGS 
targeted to TRV-GFP and the plant exhibits a recovery phenotype. The recovered 
parts of the plant are immune to both TRV-GFP and potato virus X containing 
GFP (PVX-GFP), but not to PVX carrying the non-homologous GUS transgene. 
What's more, PTGS mutants sgs2/sdel, sgs3, sde3 and ago] are hypersusceptible 
to infection by a cucumovirus (Mourrain et al., 2000; Dalmay et al., 2001; 
Vaucheret et al., 2001; Morel et al., 2002). Therefore, a PTGS-like mechanism is 
a natural plant response to virus infection. 
17 
Viral suppressors of PTGS 
Viruses have evolved counter-defense strategies for plant PTGS. Viral 
suppressors of PTGS, which have been found in many viruses, aim at different 
steps of gene silencing (Anandalakshmi et al., 1998; Beclin et al., 1998; Brigneti 
et al., 1998; Kasschau and Carrington, 1998; Li et al., 1999; Voinnet et al., 1999; 
Lucy et al., 2000; Voinnet et al., 2000). Helper component-proteinase (HC-Pro) 
of plant potyviruses is one of these proteins (Kasschau and Carrington, 1998). 
Plants in which PTGS has been suppressed by HC-Pro fail to accumulate the 
small RNAs associated with silencing. However, the transgene locus of these 
plants remains methylated and the plants are still able to produce and send the 
mobile silencing signal although HC-Pro prevents the plant from responding to 
the signal (Mallory et al., 2001). Thus, HC-Pro suppression of PTGS occurs 
downstream of the mobile silencing signal at a step preceding the accumulation of 
the small RNAs. A study using the yeast two-hybrid system has identified a plant 
calmodulin-related protein (termed rgs-CaM) that interacts with HC-Pro 
(Anandalakshmi et al., 2000). rgs-CaM, like He-Pro itself, suppresses gene 
silencing and might, therefore, be a cellular intermediary of HC-Pro suppression 
of PTGS (Figure 1. 1, Table 1.2). 
VIGS and PTGS 
Since viruses are the natural target of PTGS, many characteristics of VIGS are 
shared with transgene induced PTGS and the research on VIGS helps 
understanding PTGS in general. For example, the dsRNA form of viruses is the 
trigger for VIGS and dsRNA is proven to be the essential component in the PTGS 
pathway (Figure 1.1). One of the viral suppressors of PTGS, the 2b protein 
encoded by cucumber mosaic cucumovirus (CMV), localizes to the nuclei and 
this localization is required for the efficient suppression of PTGS, indicating that 
a nuclear process can block PTGS (Lucy et al., 2000). RNA directed DNA 
methylation was first discovered in tobacco plants that contained multimeric 
genome-integrated copies of the potato spindle tuber viroid cDNA (Wassenegger 
et al., 1994). VIGS links PTGS and TGS mechanistically since viruses or 
recombinant viruses can induce both depending on the sequence homology with 
the coding sequence or with the promoter sequence of a transgene. 
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1.5 The effect of transgene locus structure and genomic environment on gene 
silencing 
1.5.1 Features of transgene locus structure that affect silencing 
Promoter strength 
The expression of a transgene is affected by both features intrinsic to its locus 
structure and features associated with its genomic environment. Features intrinsic 
to its locus structure include its promoter strength, the number of T-DNA copies, 
the arrangement of the T-DNAs, whether the transgene is able to produce sense 
transcript, anti-sense transcript or transcript capable of dsRNA formation and the 
GC content of the locus. The stronger the pr(?.,I,!l.Ot~Llli, ... Jhe more likely that the -----~-·--,,., ____ , __ ,_ .. ~---
trans gene will be post-transcriptionally silenced (Que et al., 1997). 
- .. -· ,,,, , .. ~. ,·- .... , ·-·~---···,. ... --.--•-·"~-
Multiple transgene repeats 
Analysis of various silenced transgene loci and silencing loci that act in trans has 
shown that they often consist of multiple, tandemly linked transgene copies 
(reviewed by Muskens et al., 2000). Integration of multiple copies of a transgene 
in a particular spatial arrangement may lead to methylation and TGS (e.g. Assaad 
et al., 1993; Mittelsten Scheid et al., 1998; Furner et al., 1998; Ye and Signer, 
1996). In one case, TGS was shown to correlate with chromatin condensation 
(Asaad et al., 1993; Ye and Signer, 1996). Therefore, trans~~~~ -~~~~~~s may 
create heterochromatin locally, thus cause transcriptional silencing. ----· . ---·---... -......__. _________ , ________ ·-~-------~·-··- .·- -~~--· ., --·~---------~------- --·-· -- ·-··- ,. ..... -- -···-
Direct repeat and inverted repeat 
Several studies have described the involvement of direct repeats in PTGS (Sijen et 
al., 1996, Jorgensen et al., 1996; Elmayan et al., 1998; Wang and Waterhouse, 
2000), but it is striking that many post-transcriptionally silenced loci are 
composed of inverted repeats (Hobbs et al., 1993; Lindbo et al., 1993; Depicker 
et al., 1996; Stam et al., 1997; Stam et al., 2000; Wang and Waterhouse, 2000). 
Besides !Rs consisting of two or more T-DNAs, T-DNAs with gene-internal !Rs 
have also been reported to confer silencing (Hamilton et al., 1998; Waterhouse et 
al., 1998; Chuang and Meyerowitz, 2000; Smith et al., 2000). Transcription of 
inverted repeats could give rise to dsRNAs, which are the trigger for PTGS. !Rs 
are linked with TGS as well. A well-known example was the inverted PAI locus 
of the WS ecotype (Luff et al., 1999). An IR was also observed in the strong 
transcriptional silencer, H2 locus in tobacco (Matzke et al., 1994). DNA-DNA 
interaction might mediate TGS in the above cases, but dsRNA is clearly the 
mediator for TGS wherever !Rs contain promoter sequences (Mette et al., 1999; 
Mette et al., 2000; Sijen et al., 2001). 
19 
GC content and vector sequences 
In some cases, the drastically different GC contents within a transgene locus and 
in its genomic environment might disorganize chromatin structure and contribute 
to destabilizing gene expression. This can happen when the GC content of the 
transgene differs significantly from that of the surrounding genomic sequences 
(Meyer et al., 1993; Elomaa et al., 1995) or when there are non-T-DNA 
prokaryotic vector sequences unexpectedly transferred with the transgene 
(Iglesias et al., 1997; Jakowitsch et al., 1999). Extensive vector sequences might 
attract DNA methyltransferases or proteins for heterochromatin formation 
because of an unusual sequence composition or a failure to bind eukaryotic 
nuclear proteins. But vector sequences are found in some of the well-expressed 
transgene loci as well (Iglesias et al., 1997; Jakowitsch et al., 1999). Therefore, 
the role of vector sequence in gene silencing remains ambiguous. Perhaps, the 
absolute length and the space arrangement of vector sequence in the transgene 
locus are important to determine its effect on gene silencing. 
1.5.2 Features of genomic environment that may affect gene silencing 
Heterochromati n 
Features intrinsic to a transgene locus structure are important determining factors 
for the silencing behavior of a transgene. However, the expression of a transgene 
can not be isolated from its genomic environment. It has been demonstrated that 
the absolute level of a GUS reporter gene expression depends on the genomic 
integration sites (Day et al., 2000). Several characteristics of the genomic flanking 
sequences have been proposed to have an effect on transgene silencing, including 
heterochromatin, en~nous repetitive sequence and matrix at!_~chme.nt..I~gi.ons. 
Similar to position effect variegation in Dro~ophila (Henikoff:J:"996), the compact 
chro1!1_~_!!!l _str.ucture ... _ associate_d ___ with hetem£hr9.mNt!1 .. rµight spread~To 
transgenes resitl,il)_g_,.~Hhi.11 QC~J9~e ~qjt, thus qmsing difficulty'in-initiatTon-of 
transcri_2tio~ and induce silencing (Prols and Mey~r;. i99'T;-TgTeSias"·eral,'1997;. 
Jarc;;it;cti-~7 aL ,-T999)·.-·--- ·-··· '"._ ... ~ 
Repetitive and methylated sequences 
Repetitive sequences (RPS,1. usually abundant in heterochromatin regions and 
methylated, are considered to be cis-act(ng__silencing elements (Fagard and 
Vaucheret, 2000). A repetitive DNA sequence (R£Srfrmnpetucia was shown to 
destabilize expression of a GUS marker transgene in both petunia and tobacco. 
This RPS element probably attracts .repressive ~hrnrnaHn .. c:omplexes, which then 
spread into the-~~Tgfil,-oring GUS transgene (ten Lohuis et al., 1995)." ... ,. 
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Matrix attachment regions 
Matrix attachment regions (MARs) are operationally defined as DNA elements 
that bind specifically to the nuclear matrix in vitro (reviewed by Allen et al., 
2000). MARs flanking a transgene reduce the variability in gene expression 
among independent transformants, and in some cases increase the average level of 
gene expression (Breyne et al., 1992; Allen et al., 1993; Mlynarova et al., 1994; 
Mlynarova et al., 1995; Allen et al., 1996; Mlynarova et al., 2002). Sometimes, a 
single MAR element could increase transgene expression and reduce variability 
(Schoffl et al., 1993; van der Geest et al., 1994). MARs might function by 
insulating the transgene from regulatory elements residing outside the MAR-
defined domain or might facilitate the binding and action oLc.hromatin,regulatory 
pro~.!!§.,JbJJS--helping, pp.en th~ chrQm;:\t!Q. _and _enhance _gene e~Iession _(reviewed 
by Holmes-Davis and Comai, 1998; Allen et al., 2000). ~s.~_'!)' .. ~~--~f(e~tiyf 
a~t TGS _ ca~se9_ .~Y .. £i§~ tm.~rn~lt<;ms, \\:'HIJ. r~P~~aUr~tn.~g~n~.-~IJ-~Y.§ .. {JJlker et al., 
1999), but __ ~r,~ un~ble to preventTGS-and-PTGS-induced by tra_ns interaction with 
silencers (Yaucheret et al., 1998) . 
._,,._.,.,,.-" .-.,.. ,..,. ,. r ,. ~ 
Genomic environment and trans transgene interactions 
Several examples indicate that genomic location may play a role in paramutation-
like transgene interactions and trans silencing interactions. The paramutability 
and the paramutagenicity of the al transgene (line 17) in petunia, and the 
paramutability of the H2 locus and the paramutagenicity of the 271 locus in 
tobacco might be determined by their genomic environment (see 1.1 Paramutation 
and related allelic interactions; Meyer et al., 1993; Park et al., 1996). 271 and H2 
loci are both telomere proximal (Park et al., 1996). The H2 locus acts as a 
transcriptional silencer, which could silence a target locus present on a 
chromosome morphologically similar to the one it resides on, but failed to silence 
a potential target locus present on a morphologically different chromosome in the 
1 a~_!l_gloig tobacco genome (Jakowitsch et al., 1999). 
Taken together, gene silencing is affected by features within a transgene locus and 
may be affected by the plant flanking sequence (Table 1.3). Within a transgene 
locus, particular arrangements of transgene repeats that create heterochromatin 
locally, changes in GC content and the presence of prokaryotic vector sequences 
that disturb chromatin organization may induce TGS. The presence of inverted 
repeats within a locus is strongly correlated with gene silencing and there are 
examples from both TGS and PTGS. Whether a specific case of transgene 
silencing is affected by the genomic environment depends on the individual 
situation. Endogenous heterochromatin surrounding a transgene locus, and 
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Table 1.3 Features associated with (trans)gene loci and 
their flanking sequences that affect silencing 
Features 

























endogenous repeated and __ ~~J.hY!~t~q.,~le111ents located close to a transgeneJocus 
may serve as cis-acting;lements to c_~t1se TGS of the trans gene. MARs close to a 
transgerie l~cus. may increase its expression, but have little effect on preventing 
trans-silencing. 
1.6 A model system for gene silencing based onArabidopsis COPl 
The Arabidopsis CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COPJ) gene 
encodes a pleiotropic developmental regulator protein. It possesses a RING finger 
motif and a WD-40 repeat domain, which are involved in protein-protein 
interactions. For example, HYS is a transcription factor that binds directly to the 
promoters of light-inducible genes. COP! interacts with HYS in the nucleus in 
darkness to prevent photomorphogenesis. The COP1-HY5 interaction negatively 
regulates HYS activity. COPl may act as an ubiquitin-protein ligase (E3), 
mediating the ubiquitination of HYS and its subsequent degradation by the 
proteasome (Deng et al., 1992; von Amim and Deng, 1996; Osterlund et al., 
2000). 
Wild-type seedlings germinated in darkness have a long hypocotyl and closed 
cotyledons. However, copl mutant seedlings growing in darkness undergo 
photomorphogenesis, characterized by a short hypocotyl and open cotyledons. 
Non-lethal alleles of the copl mutants can survive to maturity but the adult plants 
show a striking phenotype, including a small rosette, rosette leaves with a short 
petiole, short stature and high anthocyanin pigmentation. Transgenes expressing 
translational fusions between GUS and COPl (GUS-COPl) or GFP and COPl 
(GFP-COPl) under the control of the 35S promoter can substitute for the 
endogenous wild-type COP! function in cop} mutants. (von Amim and Deng, 
1994; von Amim et al., 1997, 1998). However, transgenic lines expressing 
GUS/GFP-COPl sometimes suppress the endogenous COP 1 gene expression, 
demonstrated by the characteristic cop} mutant phenotype, and the suppression is 
always accompanied by transgene silencing (Figure 1.2). 
In the project described in this thesis, a system for studying gene silencing was 
established based on the GUS-COP 1 and GFP-COP 1 transgenic plants. The 
silencing phenotype of more than a dozen transgenic lines was characterized in 
detail, including the seedling phenotype and the adult phenotype associated with 
the silencing of endogenous COP 1, the developmental timing of the transgene 
silencing, and the inheritance of silencing in the progeny. Several questions were 
addressed in order to shed light on the operation of gene silencing in this system 
and the mechanism of gene silencing in general. First, the contribution of the 
transgene locus structure and the genomic environment to the gene silencing 
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phenotype displayed by each transgenic line was investigated. Second, ecotype 
effects on PTGS were explored by introducing the transgene loci to different 
Arabidopsis ecotypes and comparing their silencing phenotype. Third, the gene 
dosage dependence of silencing and transgene interactions were studied in plants 
with non-allelic transgenes created by crossing. Fourth, a paramutation-like 
heritable transgene interaction found in the system was analyzed. Last, the system 




Figure 1.2 Transgene silencing and endogene cosuppression in GUS/GFP-
COPl transgenic plants. 
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Chapter 2. Basic characterization of a novel system for studying gene 
silencing 
2.1 Introduction 
Trans genes GUS-COP J and GFP-COP 1 were transformed into Arabidopsis 
thaliana by Agrobacterium mediated transformation. The GUS-COP 1 and GFP-
COP 1 transgenic plants were originally established to study the cellular 
localization of COPl in response to light and dark transitions (von Amim and 
Deng, 1994; von Amim et al., 1997, 1998). However, in the original transgenic 
lines generated, the copl mutant phenotype was observed in a certain fraction of 
the transgenic progeny. Given that GUS-COPl and GFP-COPl are able to 
substitute for the wild-type COPl function, the copl_,~.l!~~mPh~.n9tYP~ ~o.t1N.i:i~_t 
be due to a negative interaction between the native C:QPL,md the transgenic 
fusion proteh1s GUS~CQPi :or--GFJ>:.G,6:Pl (von--A;;im and Deng, 1994; von 
Amim et al., 1997). Inst~ad, it must baye Q~..en .. Qu.e~~to __ ,eos ... u,ppression of the 
••.,., .. , ,o,,~.,., ..... , __ 
en~?ge.i:ious COP Lg~pe. Therefore, a new system for studying gene silencing was 
esfablished based on the transgenic GUS/GFP-COP 1 plants. 
T-DNA constructs used to generate the transgenic plants are shown in Figure 2.1. 
The fusion genes GUS-COP 1 or GFP-COP 1 are driven by the CaMV 35S 
promoter with a duplicated enhancer (double 35S). The T-DNAs also contain a 
nptll gene driven by the nopaline synthase (nos) promoter, which confers 
kanamycin resistance to the transgenic plants. This chapter describes the basic 
characters of the transgenic lines, including the cosuppression phenotypes of the 
endogenous COP 1, developmental timing of transgene silencing and post-
transcriptional versus transcriptional silencing. This basic characterization of the 
transgenic lines lays the foundation for subsequent experimentation about the 
mechanisms of silencing. 
At the end of the chapter, the effect of histone deacetylase (HD) on gene silencing 
was tested on one of the GUS-COP 1 transgenic lines. Acetylation of the 
positively charged lysine residues of the histones on their N-terminal tails 
weakens the interaction between the negatively charged DNA and the histones. 
Conversely, histone deacetylation strengthens the binding of the histones to DNA. 
Thus, chromatin structure is altered by histone acetylation and deacetlyation. 
Treatment with trichostatin A (TSA), an inhibitor of HDs, releases the 
transcriptionally silenced rRNA genes in Brassica napus, proving the role of HD 
on TGS (Chen and Pikaard, 1997). Arabidopsis plants expressing antisense HD 
dramatically reduce the expression of endogenous HD (AtHDJ), resulting in 
various developmental abnormalities, some of which may be attributed to ectopic 
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nos ~ nos 35S ~ 35S 
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RB probe LB probe 
~ promoter fill terminator 1kb 
Figure 2.1 Organization of the T-DNA. Organization of the GFP-COPJ and 
GUS-COP 1 trans gene. Restriction sites for Ndel (N) and BamHI (B) are 
indicated. Gene regulatory sequences are from the cauliflower mosaic virus 35S 
transcript or the Agrobacterium nopaline synthase gene (nos). Arrows indicate the 
direction of transcription. RB and LB refer to the right and left borders of the T-
DNA. 
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expression of endogenous genes (Tian and Chen, 2001). Thus, AtHDl gene can 
act as a global regulator, controlling gene expression during development. On the 
other hand, given that both the ddml and metl mutations could stochastically 
release PTGS of a 35S-GUS transgene (Morel et al., 2000), PTGS can be affected 
by mutations acting at the DNA level, even though PTGS is thought to be RNA-
based. Therefore, HD might contribute to gene dosage dependent silencing by 
changing chromatin structure. The effect of HD on PTGS of a GUS-COP 1 line 
was investigated. GUS-COP 1 plants were used instead of GFP-COP 1 plants 
because GUS is more easily quantified than GFP. ----·-----···~-•~---···~•<-•~~.--.. ~. 
2.2 Materials and methods 
2.2.1 Transgenic Arabidopsis lines 
The GUS-COP 1 lines were generated by root transformation of the Nossen 
ecotype. The GFP-COP 1 lines were generated by in planta infiltration of the 
Columbia ecotype (von Arnim and Deng, 1994; von Arnim et al., 1998). The 
expression cassette was derived from plasmid pRTL2 with a double 35S 
enhancer, translational enhancer, and 35S terminator (Restrepo et al., 1990). 
2.2.2 Seed germination and plant growth conditions 
Seeds were sterilized by 5-10 min treatment with diluted bleach (30% bleach, 
0.1 % Triton-X-100), followed by five washes with sterile water. Seedlings were 
plated aseptically on GM medium (Valvekens et al., 1988) or GM medium 
supplemented with 50mg/l kanamycin sulfate. After 2 days cold treatment at 4°C, 
seeds were germinated in constant fluorescent white light (80µmol/m2/s; Sylvania 
GE F32T8-SP35) at 22°C. 10-day-old seedlings were transplanted to soil (Fafard 
superfine soil mix, Fafard, Agawam, MA). A layer of vermiculite was sprinkled 
on top of the soil to prevent fungus growth. In case of dark treatment, seeds were 
germinated on GM medium in darkness at 22°C for 4-6 days, then transferred to 
light for 2-4 days before transplanting to soil. Arabidopsis was grown in soil at 
22°C under constant fluorescent illumination of ~ 100 µmol/m2/s (Sylvania GE 
F17T8-SP41). 
2.2.3 GUS histochemical staining 
Plant tissue was placed into GUS stain solution [l00mM sodium phosphate, 
pH7.0, lmM EDTA, 1% Triton-X-100, 5mM potassium ferrocyanide, 5mM 
potassium ferricyanide, lmg/ml X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-
glucuronic acid, cyclohexylammonium salt)] for 2 days at room temperature. 
Tissue was then fixed with FAA (50% ethanol, 5% acetic acid, 3.7% 
formaldehyde) for 20 min and incubated in 70% ethanol on a rocking table 
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overnight to solubilize chlorophyll. For tissues from plants older than 6 days, a 
fixation and infiltration step was added before staining. The tissue was fixed in 
2% paraformaldehyde in lO0mM sodium phosphate buffer, pH7.0 for 10 min and 
then vacuum filtrated for 10 min. The sample was washed twice in sodium 
phosphate buffer, changed to GUS stain solution and vacuum filtrated for 2 min. 
All procedures were performed at 4°C and the sample was then stained for up to 2 
days at room temperature as usual. 
2.2.4 Quantitative GUS assay 
GUS enzyme activity in transgenic Arabidopsis was determined according to the 
method of Jefferson (1987). Plant tissue was ground in extraction buffer (50mM 
sodium phosphate, pH7.0, lmM EDTA, 0.1 % sodium lauryl sarcosine, 0.1 % 
Triton-X-100) and the mixture was centrifuged for lOmin at 4°C. The supernatant 
was saved for the subsequent GUS enzyme and protein assay. 
In a glass tube, 20µ,l plant extract, 70µ1 extraction buffer with lOmM DTT, and 
10µ1 substrate solution [lmM MUG (4-methylumbelliferyl beta-D-glucuronic 
acid)] in extraction buffer with lOmM DTT) were combined. The assay was 
incubated at 37°C for 1 hr. 900µ1 0.2M sodium carbonate was added to the glass 
tube at the end of the incubation. Fluorescence was measured in a fluorimeter 
(Sequoia-Turner Model 450). The amount of 4-methylumbelliferone (MU) 
produced in the GUS assay was quantified by measuring the fluorescence of a 
series of standards, containing 1000, 100, 10, 1 and 0 pmole MU per ml 0.2M 
sodium carbonate. Protein concentration was determined with a BCA 
(bicinchoninic acid) protein assay kit (according to the manufacturer's suggestion, 
Pierce, Rockford, Illinois, USA). 
2.2.5 Nuclear run-on assay 
The nuclear run-on assay followed the protocol described by Dehio and Schell 
(1994). 6-week-old soil-grown plants were harvested after any emerging siliques 
had been clipped off. One minor modification was that 1 00µCi of rUTP at 
800Ci/mmol (ICN) was used per reaction. Run on transcripts were hybridized 
against replicate Zeta-probe (Bio-Rad) membrane slot blots carrying 200ng of 
denatured DNA probes per slot. Hybridizations were carried out in 50% 
formamide, 4.5x SSPE (Maniatis et al., 1989), 1% SDS (sodium dodecylsulfate), 
50mg/ml tRNA, 50mg/ml herring sperm DNA and 5x Denhardt's solution 
(Maniatis et al., 1989) at 50°C for 16 hr. Membranes were washed in lx SSPE, 
0.1 % SDS for 30 min, once at room temperature and once at 55°C, followed by 
washes at 55°C, twice with 0.2x SSPE, 0.1 % SDS and once with 0. lx SSPE, 0.1 % 
SDS. Membranes were exposed on a digital beta-emission counter (Instant 
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Imager, Packard) for up to 24 hr. For quantitation, signals were normalized 
against the signal from the endogenous actin2 gene. For comparison, 
normalization against the endogenous 18S rRNA transcript gave similar results. 
2.2.6 TSA treatment 
Seeds were germinated on regular agar medium. When seedlings were four days 
old, some were transferred into liquid medium (GM medium without agar) or 
liquid medium supplemented with 200nM TSA (Wako chemical, Japan) (Belyaev 
et al., 1997). GUS activities of 6-day-old and 11-day-old seedlings were 
determined by quantitative GUS assay. 
2.3 Results 
2.3.1 The silencing phenotype of the endogenous COPJ gene 
Arabidopsis plants expressing GUSIGFP-COP 1 displayed cop I-like phenotype at 
a certain frequency, which were attributed to cosuppression of the endogenous 
COP 1 gene by the transgene. The endogenous COP 1 silencing phenotype could 
be observed in two windows during the development of Arabidopsis. One was at 
the adult stage and the other was at the seedling stage. Adult copl-like plants 
were much smaller compared to unsilenced wild-type like plants. The difference 
was first distinguishable at the early rosette stage. The copl-Iike plants had a 
small compact rosette and round shaped rosette leaves with a short petiole (Figure 
2.2, panel A, B). In the cases when silencing commenced at the seedling stage, the 
silenced seedlings underwent photomorphogenesis in darkness. Their hypocotyl 
was short, and the cotyledons were open and expanded (Figure 2.2, panel C), 
while unsilenced seedlings germinating in darkness developed a long hypocotyl 
and closed cotyledons (Figure 2.2, panel D). 
The size of the copl-like and wild type-like plants at the late flowering stage were 
compared with the size of the copl-4 mutant and nontransgenic wild-type plants 
at the same developmental stage in Figure 2.3. The wild-type like plants from 
transgenic lines GUS-COPJ 4, GFP-COPJ 91 and 73 were about the same in 
height and rosette diameter as the nontransgenic plants. On the other hand, the 
height and rosette diameter of the copl-Iike plants from transgenic lines GUS-
COP 1 4, GFP-COPJ 91 and 82 were comparable to those of the copl-4 mutant 
plants. 
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Figure 2.2 Gene silencing phenotypes in GFP-COPJ transgenic plants. 
(A) and (B): 21 day old plants of line GFP-COPJ L91. A: copl-like endogene 
silencing phenotype of a homozygous plant. B: Wild type-like phenotype of a 
hemizygous plant. Note the size bars (1mm). 
(C) and (D): 6 day old dark grown plants of line GFP-COPJ E82. C: copl-like 
phenotype of a homozygous seedling. D: Wild-type phenotype of a hemizygous 
seedling. 
(E) and (F): Epifluorescence micrographs of the root of 6-day-old dark-grown 
seedlings of line GFP-COP I E82. E: Silenced trans gene. F: Active transgene. 
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Figure 2.3 Adult silencing phenotypes in GUS/GFP-COPJ transgenic plants. 
Size of individual silenced (cop) and unsilenced (wt) plants at the late flowering 
stage in comparison to the size of copl-4 mutants (Deng and Quail, 1992) and 
nontransgenic wild type plants. Bars indicate standard deviations. 
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2.3.2 Frequency of the endogenous COPI silencing in T2 generation 
transgenic plants 
Seventeen transgenic lines were established. Table 2.1 shows the segregation of 
the copJ-like and the wild-type like plants in the progeny of 15 primary 
transformants (primary transformant: Tl generation; progeny of the primary 
transformant: T2 generation). Ten transgenic lines did not segregate any copJ-like 
dark-grown seedlings (Table 2.1, lines GUS-COPJ 4, 7, 15, GFP-COPJ 72, 74, 
75, 76, 81, 91 and 92). Nine of them, however, segregated about one third copJ-
like adult plants out of the preselected kanamycin resistant plants. GUS-COP 1 
line 7 was the only line that did not produce any copl-like adult plants either. 
The other five transgenic lines shown in Table 2.1 produced some copl-like dark-
grown seedlings (lines GFP-COPJ 71, 73, 82, 83 and 97). The segregation ratios 
between the copJ-like and the wild-type like seedlings were consistent with a one 
to three ratio in lines GFP-COPJ 71, 73 and 82. The ratio in GFP-COPJ 83 was 
more like a one to one or one to two ratio. The ratio in GFP-COP 1 97 was close 
to a five to one ratio, with more copJ-like than wild type-like seedlings. At the 
adult stage, in GFP-COP 1 lines 82 and 83, all transgenic plants were copl-like. 
The survival rate of the copJ-like seedlings was poor in GFP-COPJ lines 71, 73 
and 97. Perhaps in part for this reason, only wild-type like plants appeared at the 
adult stage. 
As mentioned above, the T2 generation plants were preselected on kanamycin. 
The segregation ratio between kanamycin resistant and sensitive plants were 
recorded in Table 2.1 as well. These data gave a clue of how many transgene loci 
were present in the transgenic lines. The data in all the lines agreed with a three to 
one ratio with the only exception being GFP-COPJ 97. A three to one ratio 
indicated the presence of one transgene locus. The segregation ratio in GFP-
COP 1 97 was consistent with a fifteen to one ratio, implying the presence of two 
unlinked loci. 
Based on the data in Table 2.1, it was possible to divide the transgenic lines into 
three groups based on their silencing behavior. Group L (late onset silencing) 
included GUS-COPJ 4, 15, GFP-COPJ 72, 74, 75, 76, 81, 91 and 92. They all 
contained only one locus of the transgene. They did not show silencing of the 
endogenous COPJ at the seedling stage. Their segregation of copJ-like plants at 
the adult stage was consistent with a one out of three ratio among the kanamycin 
resistant plants, suggesting that only the homozygous plants were copl-like. Two 
more GFP-COPJ lines, 94 and 95, showed a similar silencing phenotype (data not 
shown) and were included in this group. 
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Table 2.1 Segregation of endogene silencing and kanamycin resistance 
phenotypes in selfed progeny of primary transformants (T2 generation) 
Dark-grown seedling Light-grown adult)) Transgene 
cop I-like wt-like copl-like wt-like KanR: Kan5 locus Type 
GUS-COP I 
Line4 0 30 3 10 30: 13 1 L 
Line 7 0 35 0 7 35: 19 1 C 
Line 15 0 26 2 10 32: 9 1 L 
GFP-COPJ 
Line 112> 7 28 2)0 18 95: 41 1 C 
Line 72 0 38 5 14 105: 48 L 
Line732> 30 124 2)0 16 123: 30 1 C 
Line 74 0 47 1 8 99: 29 1 L 
Line 75 0 34 3 7 151 : 43 1 L 
Line 76 0 43 8 36 165: 43 1 L 
Line 81 0 24 3 14 156: 58 1 L 
Line 82 12 24 18 0 88: 36 1 E 
Line 83 37 51 18 0 140: 42 1 E 
Line 91 0 20 4 19 129: 34 L 
Line 92 0 20 10 23 84: 23 1 L 
Line 972> 73 14 2)0 9 100: 10 2 C 
Data were collected by Dr. von Arnim. 
1> Transgenic plants were preselected on kanamycin. 
2> The survival rate of copl-like seedlings was poor. 
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Group E (early onset silencing) contained two lines, GFP-COP 1 82 and 83, which 
contained one transgene locus and segregated copl-like dark-grown seedlings. 
The phenotype ratio among seedling in GFP-COP 1 82 suggested that the 
homozygous seedlings were copl-like. In the case of GFP-COPJ 83, probably 
both the homozygous and some of the hemizygous seedlings were cop I-like. Both 
lines produced exclusively copl-like plants at the adult stage. 
Group C (complex silencing) included the remaining lines. The common element 
among them was that there were no cop I-like adult plants. GUS-COP 1 7, GFP-
COP l 71 and 73 contained one transgene locus and GFP-COPJ 97 contained 
two. GUS-COP 1 7 did not show endogenous COP 1 silencing at all. The other 
lines had copl-like seedlings but they either failed to survive to the adult stage or 
escaped from cosuppression. 
2.3.3 Three types of gene silencing phenotype 
The gene dosage dependence of silencing observed in T2 plants was confirmed by 
determining the genotype of individual T2 plants through the segregation of the 
kanamycin resistance marker in the T3 generation. Homozygous plants would 
give rise to 100% kanamycin resistant seedlings and hemizygous plants would 
produce 75% kanamycin resistant seedlings. Table 2.2 shows the phenotype of the 
homozygous and hemizygous plants in the T2 generation. Homozygous group L 
plants, GUS-COP I 4, 15, GFP-COPJ 81, 91 and 92 were copl-like and almost all 
the hemizygous plants were wild-type like at the adult stage. Nearly every 
hemizygous GFP-COP 1 72 was wild-type like. However, only three out of nine 
homozygous plants were copl-like. Thus, the penetrance of silencing in this line 
was incomplete. Line 72 was also exceptional with respect to spontaneous 
silencing of the npt/1 gene. For example, in a typical experiment, selfed 72 
hemizygotes segregated only 8% fully kanamycin resistant plants even though 
three quarters of the progeny contained the transgene. Only 39% progeny from 
selfed 72 homozygotes were fully kanamycin resistant irrespective of the fact that 
all the progeny contained the transgene. (The genotype of 72 plants, therefore, 
was determined by the segregation of GFP positive and GFP negative seedlings, 
because GFP was never silenced in the roots of 72, see below.) Nevertheless, 72 
was included in group L. Both homozygous and hemizygous plants in the group E 
plants, GFP-COP 1 82 and 83, were solely cop I-like. No cop I-like plants were 
observed in the group C plants, GUS-COPJ 7, GFP-COPJ 71, 73 and 97 plants, 
from either homozygous or hemizygous plants. Note, however, the data for GFP-
COP 1 73 and 97 homozygous plants were obtained from the T3 generation, 
because, due to severe silencing, no homozygous plant were harvested from the 
T2 generation. Therefore, endogene silencing in these type C lines was transient, 
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Table 2.2 Correlation between transgene dosage and 
COPl endogene silencing phenotype 
Homoz:ygous Hemiz:ygous 
copl-like wt-like copl-like wt-like 
TypeL 
L4 20 0 1 30 
LIS 4 0 0 12 
L72 3 6 1 31 
L81 2 0 0 12 
L91 4 0 0 11 
L92 4 0 0 5 
TypeE 
E82 1 0 8 0 
E83 13 0 26 0 
TypeC 
C7 0 2 0 5 
C71 0 9 0 9 
C73 0 ))29 0 19 
C97 0 I) 6 0 13 
Data were collected by Dr. von Amim. 
I) Data from lines 73 and 97 were obtained from T3 
generation plants. copl-like plants were seen in the 
T2, but their survival rate in soil was poor. Other 
data refer to T2 plants. 
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changing from early onset silencing in the T2 generation to no silencing in the T3 
generation. The three groups displayed very different silencing behavior. In the 
following study, a prefix was used in the name of the individual transgenic lines, 
L for type L lines, E for type E lines and C for type C lines (for example, L4, E82 
and C73). 
2.3.4 Developmental timing of transgene silencing 
Type L: In type L lines, the transgene was active in hemizygous plants and 
silenced in homozygous plants. Figure 2.4 shows the GUS staining pattern of 
GUS-COP I line L4. There was no difference of GUS expression between 
hemizygous and homozygous 2-day-old seedlings (Figure 2.4, panel A and B). As 
early as in 4-day-old seedlings, there was a reduction of GUS expression in 
homozygous seedlings compared to hemizygous seedlings (Figure 2.4, panel C 
and D). Hemizygotes were GUS active throughout the development (Figure 2.4, 
panel E, G and I). In homozygotes, GUS expression remained active the longest in 
the root tip, while the rest of the plant tissue became GUS negative (Figure 2.4, 
panel F). The transgene was silenced in the adult leaves and flowers (Figure 2.4, 
panel H and J), although reactivation of the transgene was occasionally observed 
during flower development (not shown). Silencing of the transgene was reversed 
before or during embryogenesis. Embryos from a homozygous parent were 
stained as strongly as those from a hemizygous parent (data not shown), and 
hemizygous and homozygous sibling embryos stained equally intensely (Figure 
2.4, panel K). The transgene expression was also examined quantitatively by GUS 
assay (Table 2.3). Consistent with the histochemical staining results, GUS activity 
was high in the hemizygous plants and gradually declined in the homozygous 
plants. 




2.73 ± 0.89 (5) 
0.29 ± 0.12 (7) 
14-day-old 
2.14 ± 0.92 (13) 
0.12 ± 0.04 (15) 
30-day-old 
1.30 ± 0. 72 (25) 
0.05 ± 0.08 (16) 
GUS activity= sample mean± standard deviation (number of plants tested) 
The unit for GUS activity is nmol MU per min per mg protein. 
36 
Figure 2.4 Developmental time-course of transgene silencing in GUS-COPJ 
transgenics. Plants shown here were F3 progeny obtained after crossing line IA 
to Nossen wild type plants. First and third column (panels A, C, E, G, I and K): 
Active GUS-COP 1 transgene in the progeny of hemizygous plants. Second and 
fourth column (panels B, D, F, H and J): Silenced GUS-COP 1 transgene in 
homozygous plants. 
(A, B) 2 day old seedling 
(C, D) 4 day old seedling 
(E, F) 10 day old seedling 
(G, H) 6 week old plant; leaf 
(I, J) 6 week old plant; flower 
(K) mature embryos expelled from their seedcoats from a selfed 
hemizygous parent. The unstained embryos do not contain the transgene. 
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Trans gene expression in the type L GFP-COP I lines followed a similar pattern as 
in GUS-COP] line IA. For example, in hemizygous L91 seedlings (wt), GFP was 
active in the root, the cotyledons and the first pair of the leaves. GFP was always 
active in the roots of the homozygous seedlings (copl-like) and also active in the 
cotyledons, but usually silenced in the first pair of the leaves (Figure 2.5, panel 
A). Within the leaves, GFP expression was retained longest in the stomata} guard 
cells, consistent with a role for a systemic silencing signal with reduced access to 
the symplastically isolated stomata} guard cells (not shown). Due to increased 
fluorescence from chlorophyll, GFP expression in older leaves was not followed. 
In this study, GFP expression in the root, the cotyledons and the first one or two 
pairs of leaves was used to distinguish between unsilenced and silenced GFP 
transgene expression. 
Type E: In type E lines, GFP-COP 1 E82 and E83, GFP was expressed in the 
roots (Figure 2.2 panel F) and usually silenced in the cotyledons and the leaves 
(Figure 2.4, panel B). Transgene expression was even eliminated from the roots in 
the most severe cases of silenced seedlings (Figure 2.2, panel E). 
Type C: Transgene expression was restricted to the roots and largely silenced in 
the above ground parts in type C GFP-COP 1 lines regardless of the gene dosage 
of the plants. But occasionally, GFP could be found active in the trichomes 
(Figure 2.4, panel C). GUS-COP 1 C? had very faint GUS staining throughout the 
entire seedlings, indicating silencing of the transgene (data not shown). 
2.3.5 The transgenic lines displayed PTGS and TGS 
Gene silencing can occur at either the post-transcriptional level or the 
transcriptional level. The meiotic reversibility of transgene silencing between the 
silenced shoots carrying the reproductive organs and the unsilenced seedlings 
(Lype L) or just the roots of the seedlings (type E and type C) in the next 
generation was reminiscent of post-transcriptional silencing. To test this, nuclear 
run-on analysis was performed on one representative type L, E and Cline. Nuclei 
were isolated from adult plant tissues, including leaves and stems, and subject to 
in vitro transcription. The nascent nuclear transcript was labeled with radioactive 
UTP and detected by blotting against a membrane loaded with a COPl cDNA 
probe as well as various control probes. Therefore, the amount of RNA being 
synthesized was captured to discriminate between no transcription (TGS) and 
rapid turnover of the mRNA (PTGS). 
Homozygous and hemizygous L91 plants, hemizygous E82 plants and 
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Figure 2.5 Spatial pattern of transgene silencing in GFP-COPl transgenic 
seedlings. The schematic drawings reflect GFP-COP 1 expression in T2 seedling 
roots, cotyledons, the first pair of leaves, the second set of leaves, trichomes of the 
first leaf pair, and trichomes of the second set of leaves. The intensity of green 
shading reflects the percentage of GFP positive plants. The expression in lines 
L91, E82, and C73 is representative of other type L (L for late on-set silencing), 
type E (E for early on-set silencing) and type C (C for complex silencing) lines, 
respectively (see text for details). 
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silencing phenotypes (Figure 2.6). Wild type Col plants served as a control for the 
endogenous COP I expression in the nontransgenic plants (Figure 2.6; two other 
samples CxL and CxE will be discussed in Chapter 6). The COP I probe detects 
the transcripts of both the endogenous COP I gene and the transgenic GFP-COP I 
gene. 18s rDNA probe and actin probe served as controls to normalize the signals 
against the overall rates of transcription of RNA polymerase I and II, respectively. 
Transcripts from the nptll gene could also be detected on the blot by its 
corresponding probe (Figure 2.6). 
All the samples gave similar signal intensity with either the 18s rDNA probe or 
the actin probe (Figure 2.6, lanes labeled with 18s and actin). This meant that all 
the in vitro transcription was successful and reflected the level of the nascent 
transcripts in the nuclei. The results from two COP I probe repeats were similar 
(Figure 2.6, lanes labeled with COP]). There was only background signal for the 
COP I transcript in wild type Col, indicating a low transcriptional rate of the 
endogenous COP I. COP I transcript signal was strong from L91 and E82 and was 
very weak from C73. The signal from the nptll transcripts was detectable in all 
the transgenic lines, with that from C73 being the weakest. Hybridization signals 
were normalized against the signal from the endogenous actin gene and the 
quantitation of the result is shown in Table 2.4. The amount of transcript in 
homozygous L91 was about twice the amount in hemizygous L91, consistent with 
the gene dosage in the corresponding plants. The amount of transcript in 
hemizygous E82 was comparable to that in homozygous L91. Since COPJ 
transcription was actively going on in silenced homozygous L91 and E82 plants, 
gene silencing in them must have happened at the post-transcriptional level. The 
amount of transcript in C73 was significantly lower than in the other transgenic 
lines tested. It revealed that gene silencing in C73 was at the level of transcription. 
2.3.6 TSA treatment did not affect GUS-COPJ silencing 
Homozygous GUS-COP I L4 plants typically undergo HDGS during the first two 
weeks of growth (Figure 2.4). Since reduction of GUS-COP I expression began to 
be visible in 4-day-old seedlings (Figure 2.4, panel C and D), silencing must have 
been initiated before this developmental stage. Therefore, application of TSA to 
seedlings of this age can reveal the effect of histone deacetylase on the 
maintenance of silencing in L4 plants. Quantitative GUS assays were performed 
on homozygous and hemizygous seedlings treated with TSA for two days (6-day-
old seedlings) or seven days (11-day-old seedlings) and the corresponding control 
seedlings, seedlings grown on solid GM medium and in liquid medium (Figure 
2.7). Compared to the controls, there was no effect on GUS expression by TSA 
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Figure 2.6 Run-on transcription assay. Nuclei were isolated from stems and 
leaves of 6-week-old plants. Run-on transcripts were hybridized against filter 
bound denatured DNA probes. For ease of presentation, three segments from a 
single filter were rearranged digitally. COP 1 was loaded twice to address any 
variability in filter binding of DNA. Quantitative data are presented in Table 2.4. 
( +/-) stands for hemizygous for trans gene and ( +/+) stands for homozygous. (The 




Table 2.4 Quantitation of run-on transcript levels. Hybridization signals 
obtained on a beta-emission counter were normalized against the signal from the 
endogenous actin2 gene (actin signal = 1000). Representative data are shown. 
Standard deviations were between 10% and 20% of the mean for the COP I signal 
where two datapoints were obtained for each sample. bg: background ( <300 units). 
(+/-) stands for hemizygous transgene and (+/+) stands for homozygous. (Data 
were collected by Dr. von Amim.) 
Line Hybridization signal 
COPJ npt II 18S rDNA 
L91 (+/+) 11,219 3,948 276,819 
L91 (+/-) 4,869 2,191 356,494 
E82 (+/-) 12,842 4,893 231,530 
C73 (+/+) 746 1,750 345,807 
F2:C73xL91 2,105 1,673 337,055 
F2:C73xE82 1,340 1,020 322,517 
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Figure 2.7 The effect of TSA on GUS expression in GUS-COPJ L4 plants. 
Grey columns represent hemizygous seedlings and dark columns represent 
homozygous seedlings. (A) 6-day-old seedlings. (B) 11-day-old seedlings. GUS 
activity is in nmol MU per minute per mg protein. Each data point was the 
average from four to seven seedlings tested. Bars correspond to standard 
deviation. GM: solid GM medium. Liquid: liquid medium. TSA: liquid medium 
with 200nM TSA. 
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plants. Therefore, under the conditions used in the experiment, TSA treatment did 
not release the silencing on GUS-COP I U plants. 
2.4 Discussion 
2.4.1 A novel gene silencing system 
This chapter describes the basic characterization of a novel model system for 
studying gene silencing in Arabidopsis, with respect to the gene dosage 
dependence, developmental timing, meiotic reversibility, and the level at which 
silencing occurred. The system reported here is a unique system. It is established 
in Arabidopsis thaliana, with easily observable transgene silencing and endogene 
cosuppression. The transgene silencing is reported by GUS staining/assay or GFP 
fluorescence microscopy. The endogenous COP I silencing is monitored by the 
characteristic cop] mutant phenotype, which has both a seedling phenotype and 
an adult phenotype. And because COPl function is indispensable during all post-
embryonic stages of development, the temporal progression of silencing can be 
visualized. 
Transgene silencing and endogene silencing were coordinated in type L and type 
E plants, both active in wild type-like plants and silenced in capJ-like plants. The 
link was broken in type C lines, in which the transgene was silenced but the 
endogene was active. Given that PTGS affects genes with the homologous coding 
sequence and TGS affects genes with the same promoter, these phenotypes were 
consistent with the nuclear run-on data, that type L and type E lines were post-
transcriptionally silenced and type C lines were transcriptionally silenced. The 
transgene in the type C lines must have been transcriptionally silenced, while the 
endogene were normally expressed. The opposite scenario, an active transgene in 
the presence of a silenced endogene, has not been observed in any transgenic line. 
In fact, an active transgene would functionally complement a defect in the 
endogenous COP] expression (von Amim et al., 1997, 1998). Therefore, one 
improvement for the system might be to replace the transgenic COP I cDNA with 
a deficient copy, which is able to cosuppress the endogenous COP 1, but can not 
supplement its function. Then, a copJ-like phenotype in this kind of transgenic 
plants could be attributed to the silencing of the endogenous COP 1. Another 
disadvantage of the system is that COP I is such an essential gene that its 
complete silencing would result in lethality of the plants. Thus, very efficient 
silencing would be difficult to study in this model system. 
In this system, gene silencing was observed in virtually every transgenic line 
generated and was usually highly penetrant. Post-transcriptional gene silencing in 
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type L and type E lines was strictly gene dosage dependent. Hemizygous type L 
lines showed high expression of the transgene and no silencing of the endogenous 
COP I, while homozygotes were silenced at both the trans gene and endogene 
level, with the only exception being L72, which had poor penetrance of silencing. 
Type E lines (especial E82) essentially required homozygosity to develop the 
early gene silencing phenotype and both hemizygotes and homozygotes were 
silenced at the adult stage. Although the endogenous COP 1 escaped silencing in 
the type C lines, the transcriptional gene silencing of the transgene persisted in 
every plant regardless of gene dosage. 
In a collection of Arabidopsis 35S-GUS transgenic lines, gene silencing was 
reported in ten lines with single locus transgene insertions (Elmayan et al., 1998). 
Four of them showed silencing in both hemizygous and homozygous plants 
(named L for low, corresponding to type E and C lines). The remaining six lines 
only showed silencing in homozygous progeny (named He for conditional high, 
corresponding to type L lines). However, silencing in the He lines was not fully 
penetrant, as only 15% of the homozygous plants of each generation would 
display silencing. Since 35S-GUS-COP I transgenic plants showed a much higher 
penetrance, usually 100%, it seems that the fusion gene is more efficient at 
triggering silencing. 
A transgene silencing system in petunia also uses cosuppression of endogenous 
genes to report epigenetic expression states modulated by transgene-initiated 
interactions. Cosuppression of chalcone synthase (CHS), a pigmentation gene in 
petunia, by CaMV 35S promoter driven CHS transgenes, leads to white or 
variegated flowers (Napoli et al., 1990). Although the symptom is also easy to 
observe in transgenic petunia, GUS/GFP-COP 1 transgenic Arabidopsis has 
several advantages. First, COP I is a single gene in the Arabidopsis genome, while 
CHS is encoded by a gene family. The interactions among the gene family 
members bring one more level of interaction in the transgenic petunia. Second, 
Arabidopsis is a well-studied model species, whose genome sequence is available. 
Therefore, further genetic and molecular analysis would be aided by this 
information, which is not available in petunia. For example, in chapter 3, the plant 
flanking sequences of 17 GUS/GFP-COP I transgene loci were isolated and the 
effect of genomic environment on gene silencing was analyzed. Third, gene 
silencing in the COP I-transgenic Arabidopsis may be monitored during different 
developmental stages. Thus, a dynamic picture of gene silencing can be obtained. 
In contrast, CHS expression in wild-type petunia is restricted to flowers, a mature 
organ. Finally, the transgenic GUS/GFP-COP I plants possess GUS or GFP 
reporter genes to score transgene silencing cell-autonomously and independently 
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from endogene silencing. Whereas tissue must be sacrificed for GUS assays, GFP 
is a vital reporter. Hence, the transgenic GFP-COP 1 seedlings may be observed 
for GFP expression under the fluorescence microscope, and then transplanted to 
soil. 
Vaucheret's laboratory has established cosuppression systems in tobacco, taking 
advantages of the fact that silencing of nitrate reductase (Nia) or nitrite reductase 
(Nii) genes by a corresponding 35S promoter driven transgene leads to a chlorotic 
phenotype visible at any stage of development (Palauqui et al., 1996). The 
existence of systemic silencing signals in PTGS was demonstrated in this system 
by grafting experiments (Palauqui et al., 1997). A 35S-Nia transgene was also 
introduced into Arabidopsis, causing cosuppression of Nia host genes and 
transgenes in all 20 lines generated (Elmayan et al., 1998). Therefore, similar to 
the 35S-GFPIGUS-COP 1 system, silencing is very efficient in the 35S-Nia 
system. However, the 35S-Nia system depends solely on cosuppression to observe 
the silencing phenotype and does not easily detect the scenario when the 
transgene is silenced and the endogene is not affected. 
In contrast to CHS in petunia, CHS is encoded by a single gene in Arabidopsis 
and its expression can be induced during plant development by a variety of 
treatments (Davies et al., 1997). A HOGS system (containing three transgenic 
lines A, B and C), based on cosuppression of the endogenous CHS was 
established in Arabidopsis. Each line had a single insert of multiple T-DNAs, and 
the T-DNA contained three transgenes, nos-NPT, 35S-HPT and chs-CHS. 
Although no nuclear run-on assay has been performed on the system, silencing 
should occur at the transcriptional level because it is correlated with methylation 
of the promoter region and the two drug resistance genes were also silenced 
(Furner et al., 1998). In contrast, once transcriptionally silenced, the 35S-GFP-
COP 1 C73 locus did not induce silencing of the endogenous COP 1. Neither was 
there silencing of the drug resistance gene, nptll, at the same transgene locus. 
Based on the available analysis, no 35S-GUS/GFP-COP 1 line seemed to silence 
both transgene and endogene at the transcriptionally level. 
Two other well-known TGS systems in Arabidopsis are the 35S-HPT transgenic 
plants, from which som and mom mutations were isolated (Mittelsten Scheid et 
al., 1998), and the 35S-del3'npt, 35S-HPT and 35S-del5'npt (del3', 3' deletion; 
del5', 5' deletion) primary transgenic line and its derivatives, the investigation of 
which demonstrated a correlation between TGS and altered chromatin 
configuration (Ye and Signer, 1996). Both systems utilize drug resistance genes 
and do not contain an endogenous partner. On the other hand, the PAI genes in the 
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WS ecotype represent a naturally existing TGS system, which does not contain 
any reporter gene (Luff et al., 1999). 
Unlike PTGS, which is meiotically reversible, TGS is meiotically heritable. 
However, in line C73, a GFP-COP 1 transgene, that was transcriptionally silenced 
in the shoots, which carry the reproductive organ, regained activity in the roots of 
the next generation. That suggested the possibility that TGS was partly reversible 
in C73. This topic will be discussed in chapter 8. 
2.4.2 HD and GUS-COPJ silencing 
TSA treatment of GUS-COP 1 LA homozygous seedlings did not change their 
silencing behavior. Although, no nuclear run-on assay had been performed on the 
LA plants, it seems almost certain that L4 underwent PTGS because of its 
silencing characteristics, such as gene dosage dependence, developmental control 
and meiotic reversibility, and the fact that a similar type L line, L91, was shown 
to be silenced post-transcriptionally. Given that reduction of GUS expression was 
visible in 4-day-old homozygous seedlings (Figure 2.4, panel D), gene silencing 
was probably already established when the TSA treatment launched. Therefore, 
the TSA data suggested that HD did not participate in the maintenance of PTGS 
and left the question open that HD may play a role in the triggering or 
establishment of PTGS. 
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Chapter 3. Transgene locus structure and genomic integration sites 
3.1 Introduction 
Both the locus structure of a transgene and its genomic environment may affect its 
expression and its silencing behavior (see Chapter 1, 1.5 The effect of transgene 
locus structure and genomic environment on gene silencing). However, no 
detailed description and comparison of the contribution of the two have been done 
in a gene silencing system with a large number of transgenic lines. In the 
GUS/GFP-COP 1 system, three types of gene silencing phenotypes were found 
among seventeen transgenic lines. Therefore, the system would be suitable to 
address the issue of the contribution to silencing by transgene locus structure and 
by the genomic environment a transgene resides in. 
A few predictions could be made based on the current knowledge of the effects of 
transgene locus structure and genomic environment on gene silencing. The 
transcriptionally silenced type C lines were the most likely to have a complex 
locus structure, such as multiple T-DNAs present in the locus. Alternatively, they 
might insert in a genomic region that had the cis-acting elements, including 
heterochromatin, repetitive and methylated sequences. Post-transcriptionally 
silenced type Land type E lines were not likely to be influenced largely by their 
genomic environment. Instead, their transgene locus structure should be the major 
determining factor for their silencing phenotype. Given that type E lines displayed 
silencing in hemizygotes and type L lines required homozygosity to be silenced, 
the locus structure of type E lines might be prone to silencing, such as having an 
inverted repeat (Muskens et al., 2000). The locus structure and the flanking 
sequences of seventeen transgene loci were examined and their influence on the 
gene silencing phenotypes was evaluated. 
3. 2 Materials and methods 
3.2.1 DNA isolation and Southern blotting 
Inflorescences were homogenized in a mortar with pestle in homogenization 
buffer (50mM Tris, pH7.5, lO0mM NaCl, 20mM EDTA and 1% SDS). The 
homogenate was centrifuged for 1 minute. The supernatant was extracted with 
phenol/chloroform twice and nucleic acids were ethanol precipitated. The 
concentration of the DNA was determined by absorbance at 260nm (A260). About 
lOµg nucleic acids were digested overnight with the restriction enzyme BamHI or 
Ndel. The digestion products were electrophoresed in a 0.6% agrose gel and 
transferred to positively charged nylon membrane (Roche) by alkaline capillary 
transfer (Maniatis et al., 1989). Blots were probed with digoxigenin-UTP-labeled 
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DNA probes (Roche) and developed with chemiluminescent substrate. Probes 
were selected to reveal either right or left border T-DNA fragments. The number 
of right border fragments was taken to represent the number of T-DNA inserts 
(Figure 3.1). 
3.2.2 Primers 
Primers used in the experiments are listed in Table 3.1. 
3.2.3 Transgene insertion sites 
Fifteen transgene insertion sites were identified by thermal asymmetric interlaced 
PCR (TAIL-PCR) with nested primers annealing to the RB or LB of the T-DNA 
and the degenerate primers AD2 or ADS (Table 3.2; Figure 3.2, panel A). TAIL-
PCR was carried out according to the protocol of Liu et al., 1995 with 
modifications. Primary TAIL-PCR reactions (20µ1) contained lx PCR buffer 
(Promega), 200µM of each dNTP, about lO0ng of genomic DNA, 4 units Tag 
polymerase (Promega), 280nM specific primer for stage 1 reaction, and 2µM 
degenerate primer AD2 or AD5. Primary TAIL-PCR: 94°C 1 min, 1 cycle; 94°C 
10 sec, 62°C 1 min, 72°C 2 min 30 sec, 5 cycles; 94°C 10 sec, 25°C 3 min, 0.2°C 
per sec to 72°C, 72°C 2 min 30 sec, 1 cycle; 94°C 10 sec, 69°C 1 min, 72°C 2 min 
30 sec, 94°C 10 sec, 68°C 1 min, 72°C 2 min 30 sec, 94°C 10 sec, 44°C 1 min, 
72°C 2 min 30 sec, 15 cycles; 72°C 5 min, 1 cycle. Aliquots (lµl) from 50-fold 
dilutions of the primary PCR products were applied directly to secondary TAIL-
PCR reactions (20µ1) containing lx PCR buffer, 200µM of each dNTP, 4 units 
Tag polymerase, 200nM specific primer for stage 2 reaction, and 2µM degenerate 
primer. Secondary TAIL-PCR: 94°C 10 sec, 64°C 1 min, 72°C 2 min 30 sec, 94°C 
10 sec, 64°C 1 min, 72°C 2 min 30 sec, 94°C 10 sec, 44°C 1 min, 72°C 2 min 30 
sec, 12 cycles; 72°C 5 min, 1 cycle. Aliquots (lµl) from 10-fold dilutions of the 
secondary PCR products were reamplified in 30µ1 tertiary reactions. The reactions 
contained lx PCR buffer, 200µM of each dNTP, 5 units Tag polymerase, 200nM 
specific primer for stage 3 reaction, and 2µM degenerate primer. Tertiary TAIL-
PCR reaction: 94°C 15 sec, 44°C 1 min, 72°C 2 min 30 sec, 20 cycles; 72°C 5 
min, 1 cycle. The reaction products were separated in a 2% agrose gel and stained 
with ethidium bromide. 
Inverse PCR (Lindsey et al., 1993) provided the information of the insertion sites 
of L4 and C7, and confirmed the L91 insertion site identified by TAIL-PCR 
(Table 3.3). Basically, genomic DNA was digested by a specific restriction 
enzyme or a combination of restriction enzymes to generate T-DNA/plant DNA 
border fragments (Figure 3.2, panel C). Digested DNA fragments (2µg in 40µ1 










L72 C73 L74 L7S LSI E82 
Figure 3.1 Southern blot analysis of transgene locus structure. Original GFP-
COPJ lines representing simple (L72, L74, L75, LSI), dimeric (E82), and 
multimeric (C73) loci. Genomic DNA was digested with Ndel and probed with a 
right border specific probe. Each band represents one T-DNA insert. The picture 
comes from a single blot from which a subset of lanes was deleted for clarity. 
Therefore the same size marker (in kbp) applies to all lanes. No bands shorter 
than 3kb were visible on the original blots. 
51 
Table 3.1 Primer sequence 
Annealing sequence 
Primer Sequence Genbank Position 
name 5' ➔3' Accession 5' ➔ 3' 
T-DNA right border primers 
#96 ctccttcaacgttgcggttctgt U09365 9157-9179 
#97 tgtcagttccaaac gtaaaac gg U09365 9177-9199 
#98 attctcc gctcatgatcagattg U09365 9243-9265 
#102 atatttgctagctgatagtgacc U09365 9052-9074 
#103 gaccttaggc gacttttgaac gc U09365 9071-9093 
#167 cggagaacctgc gtgcaatccatc U09365 8905-8928 
#168 tgctagctgatagtgaccttaggc U09365 9057-9080 
#172 ccgctcatgatcagattgtcg U09365 9248-9268 
T-DNA left border primers 
#80 gggagaattc gatttagagcttgacgggga U09365 6540-6569 
#81 aagggaattcagctgttgccc gtctcac U09365 6239-6212 
#104 cgttctttaatagtggactcttg U09365 6417-6395 
#105 cttgttccaaactggaacaacac U09365 6398-6376 
#106 aaacaggattttc gcctgctggg U09365 6311-6289 
#166 ctttgac gttggagtccac gttc U09365 6435-6413 
M13 gtaaaacgacggccagt U09365 6755-6771 
GFP 
#21 gttggccagggaacag M62653 201-186 
COPJ 
#23 gatcctaggggtctc gtgatttcttgtgat L24437 1922-1892 
#44 gc gctgagtggc gee gattc gcaaagt L24437 868-894 
#60 gacacatcacaagatctttgtagtgc L24437 452-427 
OBI gggggccatggagtatgaagagcac gaa L24437 1411-1431 
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Plant genomic sequence 
#143 aggcacacaagcccaaaaagac 
#147 gagtaaagaccttgcttgaaacag 
#148 aactccagaatc gcgtacccctga 
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Table 3.2 Primers and products of TAIL-PCR 
Locus RB/LB Specific primers Degenerate Product 
stagel/2/3 pnmer (bp) 
L15 RB #96/97/98 AD5 700 
L72 RB # 168/96/ 172 AD2 300 
L74 RB #102/103/96 AD5 700 
L75 RB #102/103/96 AD5 1200,300 
L76 RB #102/103/96 AD5 1200 
L81 LB #166/105/106 AD2 250 
L91 RB #96/97/98 AD5 1300, 400 
L92 RB # 102/ 103/96 AD5 1800,400 
L94 RB # 102/ 103/96 AD5 1300 
L95 RB # 102/ 103/96 AD5 2200 
E82 LB #166/105/106 AD2 800,600 
E83 LB #166/105/106 AD2 1200 
C73 LB #166/105/106 AD2 700 
C97(1) LB #166/105/106 AD2 900 
C97(3) RB #168/96/172 AD2 500 
Table 3.3 Enzymes and primers used in inverse PCR 
Locus Enzyme RB/LB PCR primer PCR product (bp) 
L4 BamHI/Bglll LB M13/#104 500 
LB M13/#105 500 
L91 BsrBI LB #80/81 1300 
BsrBI/Dral LB #80/81 700 
C7 BamHI/Bglll LB M13/#105 1300 
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Figure 3.2 Revealing plant flanking sequences by TAIL-PCR and inverse 
PCR. (A) Primers used in TAIL-PCR. Four groups of anchor primers, #96/97 /98, 
#168/96/172, #102/103/96, and #166/105/106 annealed to the right or left border 
sequences of the T-DNA. The degenerate primer AD2 or ADS annealed to the 
plant flanking sequence. (B) TAIL-PCR result of L91. Lane 1, 2, and 3 show PCR 
products after stage 1, 2, and 3 amplification, respectively. Note the shift between 
stage 2 and 3 products. (C) Schematic drawing of the principle of inverse PCR. 
Genomic DNA was digested by restriction enzymes and ligated to produce 
circular DNA. The ligation product was used as template in PCR, which amplified 
the plant flanking sequence by a pair of primers annealing to the border sequence 
of the T-DNA. #80/81, Ml3/#104 and Ml3/#105 were three pairs of primers 
annealing to the left border of the T-DNA. (D) Inverse PCR result of L91. M: 
Marker, lambda DNA digested by Hindlll and EcoRI. Lane 1: BsrBI was used to 
digest L91 genomic DNA. Lane 2: L91 genomic DNA was digested by BsrBI and 
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pH 7.4; 50mM MgCh; 50mM dithiothreitol; 5mM ATP) plus 14µ1 T4 ligase (1 
unit/µ]; Roche), made up to a final volume of 1ml with sterile distilled water 
(conditions designed to generate monomeric circles). 500µ1 ligated DNA was 
extracted with phenol/chloroform, precipitated in ethanol and resuspended to a 
concentration of 20ng/µI. For inverse PCR amplification, 50ng DNA was used as 
template in the following reaction mixture: lx PCR buffer for Elongase (60mM 
Tris-SO4, pH 9.1, 18mM (N~)zSO4, 1.8mM MgSO4), 200µM of each dNTP, 
200nM of each primer, 2µ1 Elongase mix (GibcoBRL, Life Technologies), made 
up to 50µ1 with sterile distilled water (following the manufacturer's suggestion for 
setting up the reaction). PCR amplification was as follows: denaturation at 94°C, 
30 sec, 1 cycle; denaturation at 94°C, 30 sec, primer annealing at 55°C, 30 sec, 
extension by the polymerase at 68°C, 5 min, 30 cycles. The reaction products 
were separated in a 0.8% agrose gel and stained with ethidium bromide. 
PCR products from T AIL-PCR and inverse PCR were gel purified using 
GENECLEAN II kit (BiolOl) and directly sequenced. The sequencing reaction 
used the Applied Biosystems BigDye Terminator sequencing kit. The presence of 
the LB or RB sequences was verified to confirm that the PCR product contained 
an authentic junction between the T-DNA and the plant sequence. The plant 
flanking sequence was BLAST searched at NCBI (http://www.ncbi.nlm.nih.gov) 
or MIPS (http://mips.gsf.de/proj/thal/db/index.htm]). All flanking sequences were 
unique in the Arabidopsis genome. The accuracy of the insertion sites was 
confirmed for each locus by a diagnostic PCR assay or by the agreement between 
the predicted BamHI or Ndel restriction sites and the results of Southern blots (see 
chapter 2). 
3.2.4 Diagnostic PCR assay 
Table 3.4 lists all the diagnostic PCR assays available for the transgene loci. 
Some were based on the junction between the plant flanking sequence and the T-
ONA border sequence. Some were based on an internal transgene fragment that 
was unique to the specific locus due to T-DNA rearrangement. 
3.3 Results 
3.3.1 Transgene locus structure 
The transgene locus structure was studied by Southern hybridization with probes 
representing the right or left border of the T-DNA (Figure 2.1). Figure 3.2 shows 
a representative Southern blot. The number of bands from the blots that 
hybridized with the right border probe was taken to indicate the number of T-
DNAs in the transgene locus (Table 3.5). If blots probed with the LB probe gave 
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Table 3.4 Diagnostic PCR assay 
Locus RB/LB T-DNA Plant flanking Product (bp) 
primer sequence primer 
Flanking sequence 
L4 LB #105 #147 930 
RB #102 #148 1000 
L91 RB #97 #143 995 
E82 LB #106 #203 530 
LB #106 #204 643 
RB #102 #204 1759 
E83 LB #106 #176 700 
LB #106 #205 405 
C7 LB #105 #151 1000 
C97(1) LB #166 F971 500 
C97(3) LB #166 F973 320 
Internal fragment 
E82 RB #102 # 23 355 
C73 RB #97 #60 415 
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Table 3.5 Correlation between transgene locus structure and 
gene silencing phenotype 
Line Number of Time of onset of silencing 
Transgene T-DNAs1J Endogene Transgene 
loci per locus 
TypeL 
GUS-COPJ 
L4 1 1 late late 
L15 1 1 late late 
GFP-COPJ 
L72 1 1 late late 
L74 1 1 late late 
L75 1 1 late late 
L81 1 1 late late 
L91 1 1 late late 
L92 1 1 late late 
TypeE 
GFP-COPJ 
E82 1 2 early early 
E83 1 2 early early 
TypeC 
GUS-COP I 
C7 1 2+ none early 
GFP-COPJ 
C71 1 2 early mild early 
C73 (T2) 1 3+ early early 
C73 (T3) 1 3+ none early 
C97 (T2) 2 2+, 1+ early early 
C97 (T3) 2 2+,1+ none early 
1> In the text, one T-DNA is referred to as a simple locus, 
two T-DNAs as dimeric and more than two as multimeric. 
'+' stands for 'or more'. 
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evidence of additional T-DNAs, this fact is acknowledged by a '+' sign in Table 
3.5. 
Each type L line contained only one T-DNA in its locus. On the other hand, the 
type E lines contained two T-DNA copies and the type C lines contained two or 
more than two copies. GFP-COPl C73 had three or more copies of the T-DNA in 
its locus. One of the GFP-COPl C97 loci contained at least two copies of the T-
DNA and was recovered in the T3 generation. However, the other locus had 
segregated away and failed to be recovered in the Southern blot. The loci with 
only one T-DNA are called simple loci. The ones with two copies are called 
dimeric loci and the ones with more than two are called multimeric loci. 
Therefore, there was a strong correlation between transgene locus structure and 
the gene silencing phenotypes. 
3.3.2 T-DNA arrangement in the E82 locus 
In an early TAIL-PCR attempt to identify E82's genomic insertion site, a 
sequence was isolated that revealed a junction between the T-DNA RB and a 
partial COP 1 cDNA (Figure 3.3, panel A). Once the genomic insertion site of E82 
was known (see next section), two primers were designed to anneal with the 
upstream and downstream flanking sequences of E82 locus. Downstream primer 
#203 gave a product with a LB primer, but it did not produce a band with a RB 
primer. Upstream primer #204 gave products with both LB and RB primers 
(Figure 3.3, panel B). Based on these results and the Southern blot (Figure 3.1), 
the following locus structure was hypothesized for E82. Two T-DNAs are 
arranged in a direct repeat and a partial T-DNA is appended to the RB in an 
inverted orientation (Figure 3.3, panel A). In addition, the predicted sizes of the 
Ndel restriction fragments fitted precisely with the real result detected by 
Southern blotting (Figure 3.1). The internal Ndel fragment from the direct repeat 
could be the lower band on the Southern blot. The 7.7kb Ndel fragment from the 
upstream flanking sequence and the RB could be the upper band. The 
arrangement was further confirmed by diagnostic PCR analysis (Figure 3.3, panel 
A and C). 
3.3.3 Genomic integration sites of the transgenes 
The flanking sequences of seventeen transgene loci were revealed, fifteen by 
TAIL-PCR and two by inverse-PCR. Figure 3.2 panel A is a schematic drawing 
of the primers used in T AIL-PCR. The three specific primers are nested at one 
end of the T-DNA. About 100 bp separates the stage 2 and stage 3 primers. Panel 
B is a picture of L91 T AIL-PCR products. Multiple bands were present after the 
first stage of PCR due to non-specific amplification. However, only two major 
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Figure 3.3 Transgene locus structure of E82. (A) Two copies of the T-DNA in 
a directed repeat and a truncated T-DNA in an inverted orientation to the two T-
DNAs are present in the E82 locus. Ndel digestion sites (N) on the T-DNA and on 
the plant flanking sequence are indicated. Ndel fragments predicted to hybridize 
with a RB probe are shown as brackets. Various primer combinations and their 
products using E82 genomic DNA as template are indicated. See Table 3.1 for the 
primer sequences. (B) Diagnostic PCR of the E82 locus with the flanking 
sequence. Lane 1, RB primer #97 and downstream primer #203, no PCR product. 
Lane 2, LB primer #106 and downstream primer #203, a 530bp product. Lane 3, 
LB primer #106 and upstream primer #204, a 643bp product. Lane 4, RB primer 
#102 and upstream primer #204, a 1.8kb product. (C) Diagnostic PCR of the E82 
locus with internal fragments. Lane 1, DNA markers. Lane 2, GBl and #167. 
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bands appeared after stage 2 and stage 3 amplification, and the two bands were 
shifted towards lower molecular weight from stage 2 to stage 3, as expected. Both 
bands were purified and sequenced. They turned out to contain the same junction 
between T-DNA right border and plant flanking sequence. 
Panel C illustrates the principle of inverse PCR. The two primers annealed to the 
border sequence of the T-DNA but towards opposite directions. Panel Dis a gel 
picture of the inverse PCR product of L91. The template for the PCR reaction in 
lane 1 was L91 genomic DNA digested with BsrBI and the template for lane 2 
was L91 genomic DNA digested with BsrBI/Dral together. They were sequenced 
using a T-DNA left border primer and revealed the same integration site as TAIL-
PCR did. 
After isolating the flanking sequence, the exact insertion sites were identified by 
BLAST search at NCBI (http://www.ncbi.nlm.nih.gov) or MIPS 
(http://mips.gsf.de/proj/thal/db/index.html) and the information was confirmed by 
either PCR, or Southern blot (Table 3.6, see Figure 3.3 for the E82 locus as an 
example). 
The flanking sequences were characterized with respect to predicted transcription 
units, potential readthrough transcripts, predicted MARs, repetitive sequences, or 
chromosomal landmarks (Table 3.6, Figure 3.4). There appeared to be no striking 
correlation between any of these features and the type of gene silencing, i.e. type 
L, E, or C. For example, the proximity of loci L74, E82 and L92 to telomeres was 
uncorrelated with their silencing behavior. Additional specific hypotheses will be 
addressed in the discussion. 
However, exactly two loci were in regions enriched in repetitive elements, such as 
transposons, within 80-lO0kb of the insertion sites. These two loci, L72 and L75, 
reside in the pericentromeric regions of chromosome V and II, respectively 
(Figure 3.4). As discussed below, it is plausible that a pericentromeric location 
may affect transgene expression and gene silencing behavior in conjunction with 
additional factors. 
3.4 Discussion 
3.4.1 Transgene locus structure was the primary determinant of the gene 
silencing phenotypes 
There was a strong correlation between transgene locus structure and the silencing 
phenotypes. All the type L lines have a single copy of the T-DNA at a single 
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Table 3.6 Genomic insertion sites of GUS-COP I and GFP-COPI transgene loci 
Line Chr Genbank Base Confirmation Position Ori MARs Landmarks 
Accession ~ Left _filgh! 
[kb] scores [kb] scores 
TypeL 
4 5 AB010073 52,096 PCR G5' npt11• 4.8 600 
15 1 AC084165 57,435 Southern (RB) GE COP las 2.9 330 I 
72 5 AC007399 32,602 Southern (LB) GN nptrr· 3.5 410 C (1.5Mb) 
5SrDNA (1.0Mb) 
74 l AC007260 44,972 Southern (RB) GE nptn• T (0.9Mb) 
75 2 AC006918 99,885 Southern (RB) lg 8.0 1010 7.7 120 C (1.2Mb) 
76 3 AL096860 47,248 Southern (RB) GN nptn• 3.5 140 
81 3 AC011620 85,610 Southern (RB) GN nptn• 8.8 380 
91 1 AC002292 88,724 PCR lg 1.5 430 I 
92 3 AC009325 69,127 Southern (RB) G5' cop1•• 9.0 280 T (0.2Mb) 
94 4 ATF28Jl2 39,832 Southern (RB) lg 0.7 430 0.6 280 
95 5 AC069326 22,067 Southern (RB) G5' nptn• 8.0 440 
TypeE 
82 l AC064879 42,325 PCR lg 0 430 T(0.4Mb) 
83 5 AL391222 52,105 PCR G3' 3.5 570 
°' V1 
Table 3.6 (continued) 
Line Chr Genbank Base Confirmation Position Ori MARs Landmarks 
Accession gair Left __Bjgb_! 
[kb] scores [kb] scores 
TypeC 
7 3 AC009326 46,041 PCR GN nptll5 
73 5 AB017070 24,615 Southern (LB) lg 1.8 290 
97 l AC010926 61,880 PCR GS' 4.6 450 
97 3 AC009991 24,664 PCR GN cop1•· 3.7 160 
Chr: Chromosome 
Base pair: the base pair reading of the insertion position of the trans gene in the specific clone. 
Position: Insertion in a predicted gene (G) or intergenic sequence (lg). Within a gene, the transgene might be in a predicted exon (E), 
intron (N), or within 500bp 5' or 3' of the ORF. 
Ori: Potential readthrough from the closest predicted chromosomal promoter might cause fortuitous sense transcription of the nptII 
(nptll5) gene or antisense transcription of the GUS-COP] or GFP-COPJ (COPlas) gene or no transcript is predicted(-). 
MARs: Potential MARs within l 0kb left or right of the insertion site are given with their distance from the trans gene (in kb) and 
their relative intensity score (see httg://www.futuresoft.org/MAR-WizO. E82 resides within a potential MAR. 
Landmarks: Intercalary position (I) or proximity of the insert with respect to telomeres (T) or centromeres (C) or rDNA loci. 
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Figure 3.4 Genome sequence environments of the pericentromeric loci L 72 
and L75 and two other representative transgene loci. (A) L72; (B) C73; (C) 
L75; (D) L91. The lengths of the red and teal bars symbolize the numbers of 
currently annotated transposon-like sequences and of standard genes, respectively, 
per sequenced clone in the tiling path given at 
http://mips.gsf.de/proj/thal/db/index.html. Black bars serve as placeholders for 
unannotated clones. CEN: centromere. 5S: 5S rDNA cluster. Mbp: distance from 
telomere in millions of basepairs. The structure of the multimeric C73 locus 
remains to be fully determined. 
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locus (simple loci) and vice versa. As judged by the Southern blotting results, the 
two type E lines contain two copies of the T-DNA in their loci (dimeric loci) and 
the type Clines either have two loci (C97) or have two or more than two T-DNAs 
in a single locus (e.g. C73, multimeric loci). The finding was consistent with other 
studies reported in the literature. For example, the type of cosuppression pattern 
produced by a CHS transgene in petunia is strongly correlated with the 
transgene's copy number and organization in the plant genome (Jorgensen et al., 
1996). 
Inverted repeat transgenes with the potential to express self-complementary 
RNAs have been implicated repeatedly as effective triggers of PTGS (e.g. 
Jorgensen et al., 1996; Stam et al., 2000; Wang and Waterhouse, 2000). 
Constructs designed to produce dsRNA or direct delivery of dsRNA efficiently 
induced PTGS in plants (Hamilton et al., 1998; Waterhouse et al., 1998; Smith et 
al., 2000; Schweizer et al., 2000). PCR reactions designed to detect the inverted 
orientation of two T-DNAs came out negatively for the type E and type C lines 
(data not shown). Therefore, no inverted repeat containing two complete copies of 
T-DNAs existed in any of the lines. However, the result was not conclusive 
because scrambled T-DNAs in an inverted direction could not be detected by the 
aforementioned PCR reactions and they should be equally effective in triggering 
silencing. 
The dimeric E82 locus contained two T-DNA copies arranged in a direct repeat as 
well as a small portion of the T-DNA containing the 3' COP] cDNA sequence in 
an inverted direction (Figure 3.3, panel A). The arrangement does not predict 
dsRNA formation from an intrinsic promoter. If a cryptic promoter within the 
plant flanking sequence existed, it might produce readthrough RNA product, 
containing the 3' end of the COP] sequence, capable for dsRNA formation, 
which might be responsible for the dominant silencing in E82. However, the 
readthrough has to pass nptll, nos terminator and GFP-COP 1, making it unlikely. 
Alternatively, above threshold level sense mRNA produced from the locus might 
trigger the formation of dsRNA by a RdRP according to the RNA threshold 
model (Vaucheret et al., 2001). The nuclear run-on assay showed that the 
transcription rate in the hemizygous E82 plants was about the same as in the 
homozygous L91 plants (Table 2.4). Hence, it was directly correlated with the T-
DNA copy number present in the two loci because the hemizygous E82 plants 
contained the same number of the complete T-DNAs as in the homozygous L91 
plants. However, plants containing four type L loci did not efficiently copy the 
phenotype of the homozygous E82 plants (see chapter 5), suggesting gene dosage 
alone could not determine the phenotype of E82. Either a readthrough transcript 
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exists or the direct repeat of the T-DNAs promotes dsRNA formation by an 
unknown mechanism. 
C73 and C97 had complicated transgene locus structures and the exact 
arrangement of their T-DNAs is not known. However, the multiple T-DNAs 
present in the transcriptionally silenced C73 locus were consistent with the 
reported repeat induced transcriptional gene silencing (Assaad et al., 1993). 
3.4.2. Genomic environment had little effect on the gene silencing phenotypes 
The completion of the Arabidopsis genome sequence offers resources to explore 
the constraints placed by plant flanking sequence over transgene silencing 
behavior. Here, the flanking sequences of 17 transgene loci were identified in this 
system. Although some characteristics of gene silencing will be described later in 
the following chapters, in general, there was no correlation found between gene 
silencing phenotype and the features of the flanking sequence. 
When the T-DNA inserted within an endogene in the 3' to 5' direction, 
readthrough transcripts from the endogenous promoter might produce antisense 
COP 1 RNA, which could form dsRNA with the sense transcript from the 
transgene promoter, thus inducing silencing (Fagard and Vaucheret, 2000). This 
possibility was investigated in the GUS/GFP-COP 1 transgenic lines. All possible 
readthrough products are listed in Table 3.6. Seven loci were predicted to have no 
fortuitous readthrough product, seven loci might have sense nptll transcripts and 
the remaining three might have anti sense COP 1 transcripts. Even though it could 
not be ruled out that the anti sense COP 1 transcripts did exist and participated in 
the triggering of silencing, the three loci, L15, L92 and C97(3) experienced 
different gene silencing phenotypes. Thus, there was no correlation between 
readthrough products and gene silencing phenotypes. 
MARs linked to transgenes may help to prevent cis TGS, but MARs have little 
effect on PTGS and trans TGS (Ulker et al., 1999; Vaucheret et al., 1998). 
Therefore, endogenous MARs close to transgene loci might increase transcription, 
but do not prevent gene silencing (Allen et al., 2000). MARs were found within 
10kb to most of the GUS/GFP-COPJ transgene loci, but L74 and C7 were two 
exceptions (Table 3.6). It is interesting that C7 was the only locus with low 
transgene expression per se. It could be a coincidence because the other locus not 
close to a MAR, L 74, had high transgene expression when being hemizygous, or 
the genomic environment deprived of MARs did work synergistically with the 
locus structure of C7 to cause its low transgene expression level. MARs were not 
necessary to maintain the high expected transcription level that allegedly is 
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required for type L loci to become silenced, not only in L74, but also in L75, L81, 
L92 and L95, which were relatively far from a MAR. In general, the findings in 
this system agreed with the prediction that MARs did not interfere with the 
GUSIGFP-COP 1 silencing. 
In the case of position effects in Drosophila, it is hypothesized that a condensed 
chromatin structure could spread into a transgene that is inserted into 
heterochromatin (Pirrotta, 1999). Arabidopsis centromeres contain numerous 
repetitive elements including retroelements, transposons, microsatellites and 
middle repetitive DNA. These repeats are rare in the euchromatic arms and often 
most abundant in pericentromeric DNA. The repeats, affinity for DNA-binding 
dyes, dense methylation and inhibition of homologous recombination indicate that 
the centromeric regions are highly heterochromatic (The Arabidopsis genome 
initiative, 2000). L72 was a locus that inserted near the centromere on 
chromosome V and the density of transposons was high in the region where it 
integrated (Figure 3.4, panel A). This might be the reason for the unusual 
behavior of L72, namely spontaneous nptll silencing (see chapter 2, 2.3.3 Three 
types of gene silencing phenotype) and poor penetrance of COP] endogene 
silencing in homozygous plants (Table 2.2). The surrounding heterochromatic 
environment might occasionally interfere with the expression of the nptll and the 
GFP-COP 1 trans gene. Therefore, the high expression level required for PTGS 
might not always be fulfilled. Note that the MAR close to L 72 did not prevent this 
position effect. Another line, L75, inserted in a similar position, near the 
centromere of chromosome II, however, behaved as other type L lines. Given that 
there are expressed genes within the pericentromeric regions of Arabidopsis, a 
transgene integrated in the same region might just express normally. 
The L74, L92 and E82 loci were within 1Mb to telomeres of chromosome I and 
III. Transposable elements are not abundant in Arabidopsis telomeric regions and 
the repetitive subtelomeric regions of telomere I and III extend no more than 4 kb 
away from the telomeres (The Arabidopsis genome initiative, 2000). Therefore, 
although L74, L92 and E82 were relatively close to telomeres, the regions they 
reside in might not be different from other loci's habitat. 
In summary, a strong correlation was found between the transgene locus structure 
and the silencing phenotype, while the transgene flanking sequences only played 
an insignificant role on gene silencing. 
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Chapter 4. Ecotype effect on post-transcriptional gene silencing 
4.1 Introduction 
Ecotypes are distinctive plant strains from different geographic regions. Plants 
from distinct ecotypes have evolved largely independently since the geographic 
separation, which results in genetic variances between them. Arabidopsis 
ecotypes often differ in the susceptibility to individual viruses (Mahajan et al., 
1998; Callaway et al., 1996; Lee et al., 1994; Leisner et al., 1993; Simon et al., 
1992). Because PTGS is a general anti-viral defense in plants, it is rational to 
hypothesize that different ecotypes would behave differently in response to 
transgene induced PTGS. If the hypothesis were true, it would lead to a new way 
to identify genes in charge of PTGS, that is, by mapping genetic differences 
between two ecotypes that react differently to a PTGS-inducing transgene locus. 
Despite the fast progress in gene silencing research, no information has been 
accumulated on ecotype effects on PTGS. This chapter describes the first look at 
PTGS from this perspective. 
GUS-COP 1 plants were generated in the Nossen (No) ecotype and GFP-COP 1 
plants were produced from the Columbia (Col) ecotype. Virtually every 
transgenic line showed some degree of gene silencing. The efficiency of the L4 
and E82 loci to trigger silencing was studied in two other ecotypes, Enkheim (En) 
and Landsberg (Ler). 
4.2 Materials and methods 
Genetic crosses 
En: GUS-COP 1 L4 homozygous plants were crossed to plants in the No or En 
ecotype. Fl seeds were germinated on GM medium with kanamycin and so were 
F2 and F3 seeds from selfed parents. Fl and F2 plants were observed for the 
endogenous COP 1 silencing phenotype. The segregation ratio between 
kanamycin resistant and sensitive seedlings in the F3 generation was used to 
determine the genotype of the F2 parents. GUS assays were performed on F3 
plants derived from both homozygous and hemizygous parents. 
Transgenic 35S-GUS plants, which were generated by transformation of the No 
ecotype (von Amim and Deng, 1994), were also crossed to No and En. F2 
generation hemizygous GUS plants in the No background and F3 generation 
hemizygous GUS plants in the En background were tested for GUS activity. 
Ler: GFP-COP 1 E82 hemizygous plants were crossed with wild-type Ler plants. 
Fl seeds were germinated on GM medium with kanamycin to select against non-
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transgenic seedlings. Individual transgenic Fl plants were screened for their 
endogenous COP 1 silencing phenotype. F2 seeds from selfed Fl parents were 
germinated on GM medium without kanamycin. F2 plants were observed for GFP 
expression and endogenous COP 1 silencing. A similar cross between E82 and 
wild-type Col plants served as a control. 
Statistical probabilities were calculated by Chi-square test using Microsoft Excel. 
4.3 Results 
4.3.1 L4 locus in Enkheim ecotypes 
GUS-COP 1 L4 plants were crossed to the No and En ecotypes. L4 plants crossed 
to the No ecotype behaved as expected, a recessive locus in causing silencing 
(Table 4.1). Fl plants from the cross L4 x En were all wild-type like since they 
were hemizygous for L4 (Table 4.1). The expected segregation in the F2 
generation (preselected for kanamycin resistance), was that one third of the plants 
would be homozygous and copl-Iike. However, 22 plants were wild-type like and 
3 plants were copl-like. The segregation ratio was statistically significantly 
different from the two to one ratio (P2:1 = 0.024). The genotypes of four wild-type 
like plants were resolved by screening their progeny for segregation of kanamycin 
resistant and sensitive seedlings. Three of them were hemizygous for the 
transgene and one was homozygous for the transgene. Therefore, the L4 locus 
was able to escape endogene silencing in the hybrid No/En background. The 
segregation was consistent with the hypothesis of a recessive En allele 
suppressing silencing of homozygous L4 plants (P3: 1 = 0.13). According to this 
hypothesis, the wild-type like homozygous L4 plant identified should be 
homozygous for the En allele. Progeny of this plant was used in the following 
GUS assay to represent homozygous L4 plants in the hybrid No/En background. 
Table 4.1 Gene silencing in GUS-COP I L4 plants after 
crossing to the Nossen and Enkheim ecotypes 
Crosses Fl F2 
wt cop wt cop P2:1 
L4(+/+) x No 10 0 14 4 0.317 
L4(+/+) x En 9 0 22 3 0.024 
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GUS assays were performed on hemizygous and homozygous L4 plants in the No 
and the hybrid No/En backgrounds (Table 4.2). The assay was done on both 14-
day-old and 30-day-old plants and the hemizygous GUS plants in the two 
backgrounds were included in the tests as controls. The GUS transgene in the 
GUS hemizygous plants was active in both backgrounds. But the absolute value 
from different tests was variable. In order to control for the variation coming from 
the different tests, GUS activity from L4 plants was compared to that of 35S-GUS 
plants to obtain a relative value. The relative GUS activity is shown in Table 4.2 
as well. 
The expression level of GUS-COP 1 in the hemizygous L4 plants in the No 
ecotype was comparable to that in the hybrid No/En background. GUS-COP 1 in 
the homozygous L4 plants in the No ecotype was silenced, indicated by the 
extremely low GUS activity. However, the same genotype L4 plants was active in 
the hybrid No/En background. Therefore, transgene silencing in the homozygous 
L4 locus was suppressed by alleles coming from the En ecotype. 
4.3.2 E82 locus in Landsberg ecotype 
GFP-COP 1 E82 was crossed to wild-type Col and Ler plants (Table 4.3). In the 
cross Col x E82, at the adult stage, all 18 transgenic Fl plants were silenced and 
so were two thirds of the adult F2 plants, as expected, since homozygotes of E82 
do not survive to the adult stage (21 wt and 54 cop, P1:2 = 0.33). The one third 
unsilenced plants are non-transgenic plants since the F2 plants were not pre-
selected on kanamycin. The cross with Ler plants, however, produced no silenced 
plants in the Fl generation (36 wt) and fewer than two thirds silenced plants in the 
adult F2 plants (80 wt and 23 cop, P1:2 < 0.001). 14-day-old F2 plants were 
screened for GFP expression. None of the plants from the cross Col x E82 were 
GFP positive other than in the roots, as expected (0 active, 40 silenced and 29 
negative). However, 13% plants from the cross Ler x E82 were GFP active in not 
only roots but also cotyledons and primary leaves (14 active, 54 silenced and 38 
negative). Therefore, the E82 locus was more sensitive to silencing in the Col 
ecotype. 
In contrast to the late silencing phenotype just described, the early endogene 
silencing phenotype of E82 locus in the F2 generation was consistent with a wt : 
cop= 3 : 1 ratio in both Col x E82 (106 wt and 44 cop) and Ler x E82 (194 wt 
and 57 cop). Thus, there was no difference between the two ecotypes in the early 
onset endogene silencing, but most likely a difference in the late onset endogene 
silencing. 
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Table 4.2 GUS activity of transgenic GUS-COPl L4 plants after 
crossing to the Nossen and Enkheim ecotypes 
Line F3: L4 x No F3: L4 x En 
GUS activity sample size GUS activity 
Absolute value 
14-day-old 
L4(+/-) 2.14 ± 0.92 13 1.54 ± 0.66 
L4(+/+) 0.12 ± 0.04 15 3.26 ± 1.31 
GUS(+/-) 3.04 ± 0.83 8 2.07 ± 0.99 
30-day-old 
L4(+/-) 1.30 ± 0.72 25 2.26 + 0.96 
L4(+/+) 0.05 ± 0.08 16 3.36 ± 0.99 
GUS(+/-) 2.58 ± 1.58 8 5.38 ± 1.58 
Relative value [GUS activity= 1.0 in GUS(+/-)] 
14-day-old 
L4(+/-) 0.70 ± 0.30 0.74 ± 0.32 
L4(+/+) 0.04 ± 0.01 1.57 ± 0.63 
30-day-old 
L4( +/-) 0.50 ± 0.28 
L4( +/+) 0.02 ± 0.03 









The GUS activity is expressed by mean± standard deviation. 
The unit for the absolute value of GUS activity is nmol MU per min 
per mg protein. 
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Table 4.3 Gene silencing in E82 plants after crossing to the Columbia 
and Landsberg ecotypes 
Cross Fl F2 1> 
endogene endogene 
adult seedling 
wt cop wt2l cop 
Col x E82(+/-) 0 18 106 44 
Ler x E82(+/-) 36 0 194 57 
Transgene GFP expression: 
a: active root+; cotyledon+; primary leaf+ 
s: silenced root+; cotyledon -; primary leaf -






a s n 
0 40 29 
14 54 38 
1> The non-transgenic plants segregating in the F2 generation are included 
in the table. 
2> Seedlings with long hypocotyl but open cotyledons were counted as wt. 
There might be a gene in Ler suppressing gene silencing that was defective in Col 
or there might be a gene in Col triggering silencing that was malfunctioning in 
Ler. In the following description, Land C were used to represent the Ler and Col 
alleles of this hypothetical gene, respectively. Figure 4.1, panel A shows the 
segregation of the various genotypes in the F2 Ler x E82 plants. The Fl data 
indicates that plants with genotype (E82/-, UC) were wild-type like. Taking this 
into account, segregation of the F2 adult phenotype fits a wt : cop = 11 : 4 ratio 
(Figure 4.1, panel A, Table 4.3, 80 wt and 23 cop, P 11 :4 = 0.32). In this model, 
both the homozygous and hemizygous E82 are wild-type like in the homozygous 
LIL plants, but the homozygous E82 is still copl-like in the heterozygous UC 
plants. 
The segregation of GFP positive and negative plants in the F2 Col x E82 indicates 
that silencing was so severe in the homozygous E82 plants that they were GFP 
negative (Table 4.3, 40 silenced and 29 negative, P1:1 = 0.19). The segregation of 
GFP active, silenced and negative plants in F2 Ler x E82 were consistent with a 
2:9:5 ratio (Figure 4.1, panel B, Table 4.3, 14 active, 54 silenced and 38 negative, 
P = 0.52). The hemizygous E82 plants in the homozygous LIL background would 
be GFP positive (2/16). The GFP negative seedlings would be the non-transgenic 
ones and the homozygous E82 plants in the homozygous CIC background (5/16). 
The remaining plants would have GFP expression only in the roots (9/16). 
4.4 Discussion 
The allelic diversity between different Arabidopsis ecotypes might make them 
respond differently to PTGS-inducing transgenes, just as they do towards the 
natural targets of PTGS, viruses. Here, evidence is presented for an ecotype effect 
on PTGS of two trans gene loci, U and E82. 
The phenotype segregation in the F2 L4 x En can be explained by a recessive En 
allele, suppressing silencing of homozygous L4 plants. And in line with this 
hypothesis, transgene silencing was suppressed by the En allele and activity of the 
GUS gene alone was unaffected by the En background. Therefore, both endogene 
silencing and transgene silencing were suppressed by the En ecotype. It seems 
that either the threshold level required for triggering silencing in En is higher than 
in No or some component of the PTGS machinery is missing in the En ecotype. 
Landsberg did not support the adult silencing phenotype of E82 plants and was 
able to change the transgene silencing phenotype. The striking difference between 
Ler x E82 and Col x E82 was possibly due to a single genetic difference (Figure 
4.1). The early onset endogene silencing in E82 plants, however, remained 
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Figure 4.1 Segregation of the genotypes and their phenotypes in F2 Ler x E82 
plants. (A) genotype and adult phenotype. (B) genotype and transgene 
expression. L is the Ler allele of the hypothetical gene responsible for the 
difference of gene silencing, and C is the Col allele. - represents the T-DNA-free 
locus. 
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homozygosity dependent, independent of the ecotype. Therefore, the gene 
responsible for the adult phenotype difference did not act early enough to cause 
difference in early onset silencing, although transgene silencing appeared to be 
suppressed by a contribution from Ler. Alternatively, the Ler alleles might not 
suppress PTGS, as suggested by the seedling phenotype, but suppress the copl-
like phenotype at the adult stage. This explanation faces two challenges, one is 
why the Ler alleles did not suppress the copl-like phenotype in the dark-grown 
seedlings, the other is the fact that the Ler alleles did improve GFP-COP 1 
expression, which is likely due to suppression of transgene silencing. 
The different arrangement of PAI genes in the WS and Col ecotypes has been 
taken advantage of in searching for de novo methylation signals (Luff et al., 
1999). Based on the evidence present here, in addition to genes subject to 
silencing that show diversity between ecotypes, genes in charge of gene silencing 
may exist in different forms as well. Genetic differences between ecotypes would 
be a promising place to identify genes involved in the control of gene silencing. 
Systemic infection of plants by viruses is a multi-step process involving 
compatible virus-host interactions at each step. Most systemic infections by 
viruses involve genome replication at the single-cell level, cell-to-cell movement 
through tissue around the initial infection sites, long-distance movement through 
the phloem, and cell-to-cell movement at sites distal to the initially infected cells 
after phloem unloading (Carrington et al., 1996). Plants have a complex array of 
defense pathways, including the hypersensitive response, systemic acquired 
resistance, the wounding response as well as PTGS (Dong, 1998; Reymond and 
Farmer, 1998). 
Interestingly, in a screen of Arabidopsis for susceptibility to tobacco etch virus 
(TEV), six out of ten ecotypes were found to be resistant (Mahajan el ul., 1998). 
Col and No were among the resistant ecotypes and Ler was one of the susceptible 
ecotypes. (En was not included in the study.) Both resistant and susceptible 
ecotypes are able to support genome replication and cell-to-cell movement of 
TEV in inoculated leaves. However, only in the susceptible ecotypes, could the 
virus complete infection and move long distance through the vasculature. The 
genetic basis for the restricted TEV infection phenotype was defined as a single 
dominant locus in Col, RTMJ (restricted TEV movement 1). Restriction of TEV 
in the resistant ecotypes is not correlated with the induction of the hypersensitive 
response or systemic acquired resistance. Thus, it is possible that the resistant 
ecotypes defend themselves against infection by a PTGS-mechanism. If so, it 
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would fit well that No and Col ecotypes supported PTGS in the GUS/GFP-COP I 
transgenic plants, while Ler ecotype did not induce silencing. 
After the identification of RTMI, two more RTM genes, RTM2 and RTM3, were 
found to be required for the restricted TEV movement in Col (Whitham et al., 
1999; Chisholm et al., 2001). Both RTMI and RTM2 have been cloned and they 
function in the phloem to prevent long distance TEV movement (Whitham et al., 
2000; Chisholm et al., 2000, 2001). The knowledge of the RTMI gene allows 
specific tests of its involvement in gene silencing. For example, the linkage 
between rtml (Ler) and the wild-type like E82 phenotype would prove rtml is 
responsible for the ecotype difference in gene silencing. Alternatively, if Ler 
plants transformed with a copy of the RTMI gene were changed to support the 
hemizygous E82 silencing, it should prove the responsibility of RTMI in the 
ecotype difference between Col and Ler. 
The En ecotype is highly resistant to CaMV infection, while Col and Ler are 
sensitive ecotypes (Callaway et al., 1996). However, resistance to this para-
retrovirus in the En ecotype is not due to a PTGS-like mechanism. Instead, the 
responsible gene, CARI (CaMV resistance 1) acts either in the susceptible 
ecotypes to support virus movement or in the En ecotype to signal a defense 
response. If the gene indeed functions as a helper for long distance virus 
movement, it could facilitate the systemic silencing signal movement as well. 
Thus, PTGS could propagate in the susceptible ecotypes and fail to propagate in 
the resistant En ecotype. It would be informative to introduce other transgene loci 
undergoing PTGS into the En ecotype and observe their behavior. If PTGS were 
impaired in En, En would not support silencing of other transgene loci as well. If 
En did support the silencing of other transgene loci, activation of the transgene 
and endogene in the homozygous L4 plants must be due to special characteristics 
associated with silencing in this particular transgene locus. 
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Chapter 5. Gene dosage dependence of silencing and transgene interactions 
5.1 Introduction 
The homozygosity dependence of gene silencing in type L and type E plants 
might reflect a gene dosage requirement or a role for allelism. A study in 35S-
GUS transgenic tobacco did not indicate any role for allelism in gene silencing 
(Elmayan and Vaucheret, 1996). However, the onset of gene silencing is more 
rapid in this Arabidopsis based system than in tobacco. Perhaps the small genome 
size of Arabidopsis facilitates fortuitous allelic interactions. The endogenous 
partner COP 1 in the 35S-GUS/GFP-COP 1 system might promote allelic 
interactions as well. Moreover, positive evidence for allelic transgene pairing has 
emerged in transgenic tobacco (Matzke et al., 2001). The role of allelism in gene 
silencing was not examined in the 35S-GUS transgenic Arabidopsis, in part 
because silencing in the He lines (corresponding to type L lines) was poorly 
penetrant (Elmayan et al., 1998). Hence, the contribution of allelism in gene 
silencing was investigated in the 35S-GUS/GFP-COP 1 system. 
To address the question, dihybrid plants were created by crosses between two 
different transgenic lines. Dihybrid plants contained the same gene dosage as 
homozygous plants, but the two loci were not allelic to each other. If dihybrid 
plants were copJ-like, it would support the opinion that gene dosage alone was 
important. If they were wild-type like, the requirement of allelism would be 
proved. In addition to dihybrid plants containing type Land type E loci, dihybrid 
plants containing type C loci were also created. The interactions between these 
different loci were investigated in the dihybrid plants and the heritability of the 
interactions was examined in the progeny of the dihybrid plants. 
5.2 Materials and methods 
Genetic crosses: Parent plants carrying non-allelic transgene loci were crossed in 
various combinations. Individual Fl plants were observed for GUS-COP 1, GFP-
COP 1 and COP 1 endogene silencing phenotypes. Representative Fl plants were 
inspected for the presence of two different transgene loci by Southern blot. After 
selfing, F2 plants were screened for both transgene and endogene silencing 
phenotypes. DNA from F2 plants or their selfed F3 progeny was isolated for 
genotyping by Southern blot or diagnostic PCR assays (see chapter 3). 
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5.3 Results 
5.3.1 Dihybrid plants from crosses involving type L and type E loci were 
silenced 
Crosses among type L loci: Dihybrid plants were generated from various 
combinations of transgenic lines. Fl plants were counter-selected against non-
transgenic plants on germination medium containing kanamycin. The result from 
crosses among simple loci is presented first. The hypothesis tested was that 
dihybrid plants with two type L loci were silenced. The GFP-COP 1 transgene 
silencing complied with the hypothesis (Table 5.1, set 1). For example, L81 +/- x 
L91 +/- should have 33% dihybrid progeny. The segregation of transgene active 
and silenced progeny agreed with the ratio that one third of the progeny were 
transgene silenced with a 0.55 probability. An exception occurred in the cross L 72 
+/- x L81 +/+, where more GFP active plants segregated than expected. Because 
in the control experiments, selfed L 72 plants showed incomplete penetrance of 
GFP-COPJ silencing (Table 5.1, set 4), the inconsistency observed in the cross 
L 72 x L81 can be attributed to the incomplete penetrance of trans gene silencing in 
L72 plants. 
For endogene silencing, the segregation of wild-type and copl-like plants in the 
Fl generation was also consistent with the hypothesis (Table 5.1, set 1). In the 
L81 +/- x L91 +/- cross, 50% of the progeny were wild-type like and 50% were 
copl-like, fitting the expectation of one third silenced plants with a 0.11 
probability. Again, the only example of inconsistency involved L72 (L91 +/+ x 
L 72 +/+ ), which can be explained by the poor penetrance of the silencing 
phenotype in L72 (Table 5.1, set 4). The presence of dihybrid plants in the Fl 
generation was confirmed by Southern blotting of representative Fl progeny. A 
typical blot is shown in Figure 5.1. The presence in a plant of both banding 
patterns from its parent lines demonstrated that the plant was dihybrid. Therefore, 
there was an additive effect between type L loci. Allelic interaction was not 
required for triggering silencing. Gene dosage alone was sufficient. 
Crosses involving type E and type L loci: Since type E loci displayed silencing 
in the hemizygous state, the dihybrid Fl plants from the crosses with type E lines 
should be silenced. A cross between the two type E lines and crosses between 
type E and type L lines supported the opinion at both the transgene and endogene 
silencing level (Table 5.1, set 2). 
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Table 5.1 GFP-COPI transgene silencing in seedlings and COPI endogene silencing in mature Fl dihybrid plants 
Dosage=2 GFP-COPJ transgene 2> COP 1 endogene 
Parents expected Active Silenced P(X2)JJ Active Silenced P(Xi) 3> 
[%] I) [%) [%] [%] [%] n 
1 Crosses among Type L loci - 4, I 5, 72, 81, 91 
GFP-COPJ x GFP-COPI 
L91 +/- L72 +!- 33 73 27 0.28 63 37 76 0.60 
L72 +!+ L91 +!- 50 38 62 0.38 55 45 20 0.81 
L91 +/+ L72 +/+ JOO 0 100 C 33 67 9 •Pjc 
LSI +/- L91 +/- 33 76 24 0.55 50 50 26 0.11 
LSI +/+ L91 +!+ 100 0 100 C 0 100 9 C 
LSI +/- L72 +/- 33 62 38 0.61 60 40 35 0.51 
L72 +/- LSI +/+ 50 80 20 ip0.014 72 28 18 0.10 
GUS-COP I x GFP-COP I 
LSI +/+ L4 +/+ 100 0 100 C 0 100 18 C 
L91 +/+ L4 +!+ 100 0 100 C 0 100 9 C 
L4 +/+ L72 +/- 50 0 4)44 C 47 53 17 1.00 
GUS-COP I x GUS-COP I 
L4 +!+ LIS +!- 50 31 69 16 0.21 
2 Crosses i11volvi11g Type Land Type E loci, but 1101 Type C loci 
E83 +!- E82 +/- 33 0 100 C 0 100 17 C 
L91 +/- E82 +/- 33 34 66 1.00 37 63 27 0.84 








3 Crosses involving Type C loci - 73 or 97 
C73 +/+ L72 +/+ 100 
C73 +/+ L91 +/- 50 
C73 +/+ E82 +/- 50 
E82 +/+ C97 +/+,+/+ 100 
4 Single transgene loci - selfed (controls) 
L4 +/- 33 
L72 +/- 33 
L72 +/+ 100 
LSI +/- 33 
L91 +/- 33 
E82 +/- 33 
E83 +/- 33 
C73 +/+ 100 
C97 +/-, +/- 33 
GFP-COPI transgene 2> COP I endogene 
Active Silenced P(X2) JJ Active Silenced P(X2)3> 
[%) [%] [%) [%) n 
0 100 100 0 32 
R25 75 100 0 8 
R5g 42 100 0 46 
nd nd 100 0 4 
77 23 26 0.37 
82 18 ip0.01 75 25 24 0.52 
30 70 ipic 24 76 25 ipic 
81 19 0.15 56 44 27 0.31 
77 23 0.10 60 40 48 0.44 
0 100 C 0 100 41 C 
R7 93 C 0 100 9 C 
2 98 ic 100 0 27 C 
0 100 C 100 0 14 C 
00 ..,., 





Percentage of progeny plants expected to contain different non-allelic transgene loci (after preselection for kanamycin resistance, 
which is never fully silenced). 
The average number of individuals per family was 22. 
The original numbers of seedlings were Chi-square tested under the null-hypothesis of an additive silencing interaction. Listed are 
the corresponding P-values. For the transgene, the expectation was that all allelic combinations were silenced, except one 
hemizygous L locus. For the endogene, the null-hypothesis was that all transgenic plants would show endogene silencing, except 
plants hemizygous for one L locus, and plants containing only C-loci. 
Because IA is a GUS-COP/ locus, the remaining seedlings were GFP-negative, as expected. 
c/ic: Not suitable for X2, but data are substantially consistent (c) or inconsistent (ic) with an additive interaction. 
ip 
nd: 
The incomplete penetrance of the L 72 locus may have caused the deviation from expected ratios. 
notdone 









L72 L81 L91 E83 
L 72 L81 L81 L91 L91 E82 E82 E83 E82 
Figure 5.1 Identification of dihybrid plants by Southern blot. The blot shows 
individual double-hemizygous plants as well as their single-transgene siblings. 
See legend of Figure 3.1 for other details. 
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5.3.2 Dihybrid plants from crosses involving type C loci were wild-type like 
Dihybrid plants were also generated from crosses involving type C loci to test if 
type C loci would cooperate with other loci in silencing (Table 5.1, set 3). Given 
that type C loci underwent TGS, their rate of transcription would not contribute 
significantly to triggering PTGS and would thus be negligible. Therefore, 
dihybrid plants from C x L should have the transcript level similar to hemizygous 
type L plants so that they should not be silenced. For the same reason, dihybrid 
plants from C x E should be silenced. On the other hand, type C loci might be 
able to interact with type L and type E loci and decrease their transcription rate 
(trans-silencing), which could have two possible outcomes. If the trans-silencing 
was severe, type L and type E loci would be transcriptionally silenced, resulting 
in silenced GFP-COP 1 expression and active endogenous COP 1 expression. If 
the trans-silencing was incomplete, the transcription rate would be reduced at 
type L and type E loci to below the level required for triggering silencing, thus 
both transgene and endogene would express actively. 
In C73 x L72, the transgene was silenced, but the endogene was active in dihybrid 
plants (Table 5.1, set 3). The result indicated that C73 had the ability to uncouple 
the link between trans gene silencing and endogene silencing of L 72, which agrees 
with the scenario that C73 trans-silenced the locus, so that the transgene was 
transcriptionally silenced and the endogene was active. 
The other cross between type C and type L loci, C73 x L91, produced seedlings 
with a new spatial pattern of GFP expression. GFP was active in the root, silenced 
in the cotyledons, and reactivated in the first two pairs of leaves (Table 5.1, set 3). 
The reactivation probably happened in the dihybrid plants because the C73 locus 
did not show this pattern when present alone (data not shown). No copl-like 
plants were found among the Fl C73 x L91 plants. 
Two crosses between type C and type E loci were carried out, C73 x E82 and E82 
x C97 (Table 5.1, set 3). Transgene reactivation was observed in C73 x E82 and 
this reactivation was not observed in E82 when it was present alone (Table 5.1, 
set 4). At the endogene level, no silenced plants were observed in C73 x E82. The 
two loci in C97 also suppressed endogene silencing by E82 in all four Fl plants 
obtained. Therefore, C73 was able to suppress endogene silencing and reactivate 
transgene expression in the L91 and E82 loci, and C97 displayed a similar effect, 
at least on the E82 locus. The results fit with the prediction that type C loci 
reduced the transcriptional rate of L91 and E82 to below the threshold level for 
triggering silencing. Because endogene silencing in type L and type E loci was 
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suppressed by type C loci, this kind of transgene interaction was called 
suppressive. 
5.3.3 Heritability of L x L, L x E, E x E interactions 
Type L loci showed an additive mode of interactions between each other, and type 
E loci induced silencing efficiently in the crosses L x E and Ex E. Their silencing 
ability was assessed again in the progeny from selfed dihybrid plants to test if any 
modification happened after one generation exposure to a non-allelic type L or 
type E locus. Progeny of dihybrid plants L91/L4, L91/Ll5, L91/E82, L72/E82 
and E82/E83 were screened for transgene silencing and endogene silencing (Table 
5.2, set 1 and 2). It was assumed that type L silencing required two loci, and that 
type E loci were silenced at a dosage of one or more. 
Both transgene and endogene silencing in F2 families of L91/L4 and L91/L15 
were consistent with an additive interaction, that 5/16 progeny were active and 
11/16 were silenced. There were 15/16 silenced plants expected from combination 
E82/E83. Although endogene silencing agreed with the hypothesis (PEA = 0.60), 
there were more GFP active plants than expected due to occasional reactivation of 
the transgene. 
For the combination between L and E plants, 3/16 of the F2 plants should be 
active and 13/16 should be silenced. The transgene silencing in the F2 family of 
L91/E82 was as expected. However, there was a surplus of 'transgene-active' 
plants from F2 family of L72/E82. Neither of these two families displayed the 
endogene silencing phenotype as expected due to a surplus of endogene active 
plants. 
Individual F2 plants from a dihybrid L91 x E82 Fl ancestor were screened for 
their genotype by diagnostic PCR (see chapter 3, Table 3.4) (Table 5.3). One 
wild-type like plant turned out to contain only E82 and it was homozygous for 
E82 because all its progeny were kanamycin resistant (data not shown). Six out of 
nine plants with both L91 and E82 loci were wild-type like. The genotype of the 
plants containing both L91 and E82 loci was determined by PCR genotyping 
individual F3 plants to check the segregation of the loci. The genotypes of the six 
wild-type like plants were variable. One was homozygous for L91 and 
hemizygous for E82. Three were hemizygous for L91 and homozygous for E82. 
The remaining two were homozygous for both loci. In summary, spontaneous 
suppression of silencing happened in homozygous E82 plants and in plants 
containing more than two transgene loci. 
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Table 5.2 Transgene and endogene silencing in F2 families segregating for two T-DNA loci - light grown phenotypes 
GFP-COP I transgene COP I endogene 
Loci in Fl Dosage>! 
Parent expected Active Silenced pTA Active Silenced pEA pES 
[%]I) [%] [%] [%] n 
1 Combinations involving only type l (simple) loci (pooled) 
L9l L4 or 15 l l/16 16 60 0.58 24 76 50 0.34 
2 Combinations i11volvi11g type E a11d type l loci, but not type C 
E82 E83 11/16 19 75 Ric 4 96 55 0.60 
L9l E82 11/16 9 70 0.61 32 68 93 0.001 
L72 E82 ll/16 26 63 <0.01 46 54 89 <0.001 
3 Combi11ations involving type C loci 73 or 97 
C73 L91 11/16 11 83 0.90 100 0 170 0.013 
C73 L72 l l/16 6 82 0.24 100 0 55 0.102 
C73 E82 11/16 23 70 Ric 100 0 92 <0.001 
E82 C73 11/16 98 2 52 0.003 
C97 L72 11/16 0 80 <10-5 72 28 18 0.001 
C97 E82 11/16 2 71 ic 79 *21 42 *0.806 
E82 C97 11/16 100 0 37 0.007 
4 Single transgene loci 
L4 l/4 77 23 48 0.86 
L72 1/4 67 7 <10-4 87 13 135 0.002 





Table 5.2 (continued) 
GFP-COP 1 transgene COP 1 endogene 
Loci in Fl Dosage>! 
Parent expected Active Silenced pTA Active Silenced pEA pES 
[%]I) [%] [%] [%] n 
L81 1/4 47 22 0.89 83 17 131 0.04 
E82 1/4 0 79 0.62 21 79 101 0.39 
E83 1/4 0 81 0.69 23 77 102 0.65 
L91 1/4 62 10 0.04 80 20 176 0.14 
C97 homozygous 88 12 Ric 100 0 18 C 
F2 plants were selfed progeny of Fl di hybrid parents and were not preselected on kanamycin. P values are based on X2 tests. 
pTA: (Transgene/additive) The null-hypothesis (H0 ) assumes that type L transgene silencing requires two loci (UL or LIE or UC), and that type E and 
type C loci are silenced at a dosage of one or more (E/- or E/E, Cl- or CIC). 
pEA: (Endogene/additive) The H0 assumes purely additive endogene silencing interactions between transgene loci, similar to table 6.1. It postulates that 
type L loci require a gene dosage of at least two (or one L and one E), type E loci require a gene dosage of one, and type C loci do not 
contribute to endogene silencing. 




However, this H° assumes that trans-silencing is not epigenetically heritable. 
Percentages do not add up to JOO% because GFP-negative seedlings are not listed. The average family size was 52. 
Mild copJ-Iike phenotype. 
Not suitable for X testing, but data are substantially consistent with the hypothesis (c), or inconsistent, due to reactivation of transgene 
expression tic). 
Table 5.3 Genotype and phenotype of 
F2 plants from the cross L91 x E82 
locus contained phenotype 
wt cop 
L91 2 3 
E82 1 2 
L91(+/-) E82(+/-) 0 1 
L91( +/+)E82(+/-) 1 0 
L91(+/-) E82(+/+) 3 1 
L91(+/+)E82(+/+) 2 1 
Therefore, the additive mode of interactions between type L loci, which was 
observed in Fl generation, was recapitulated in the F2 progeny. However, plants 
with type E loci showed silencing inconsistently. A fraction of the plants with the 
new gene dosage combination displayed suppression of gene silencing instead of 
silencing in the F2 progeny. 
5.3.4 Heritability of the suppressive mode of interactions between transgene 
loci 
The suppressive mode of transgene interactions observed in the Fl generation of 
the crosses involving type C loci was also re-evaluated in the F2 families. Plants 
with only the type L or type E locus would segregate in the F2 generation. Two 
outcomes are possible for their phenotypes. Either the suppressive mode was 
reversible once the interacting loci segregated away, so that the behavior of the 
type L and type E would revert to the status before exposure to the trans-silencing 
loci. Or there was an epigenetically heritable component in the interaction, 
leaving an imprint on the type L and type E loci to modify their character. A 
nuclear run-on assay was carried out with F2 C73 x L91 and C73 x E82 plants 
(Figure 2.5, Table 2.4). The transcriptional rate was low in the F2 plants, 
indicating transcriptional silencing. Given that plants with only the L91 or E82 
locus were just a fraction of the F2 plants (3/16), it is inconclusive whether the 
transcription rate was low in these specific plants based on the data. However, the 
majority F2 plants appeared to have a low transcription rate. 
The hypothesis for transgene silencing in the F2 generation was that genotype (U-
) was active, and all the other combinations of genotypes were silenced. F2 C73 x 
89 
L91 and C73 x L72 were consistent with the hypothesis, while the three other 
combinations were not (Table 5.2, set 3). C73 x E82 did not agree with the 
hypothesis because of reactivation of the transgene expression, which was 
consistent with the Fl phenotype. In the progeny with the active transgene 
expression, GFP could be observed in the roots, cotyledon, first and second sets of 
leaves. For comparison, in the progeny of the control E82 plants and C73 plants, 
GFP-COP 1 was active only in the roots, or in the roots and stomata of the 
cotyledons, respectively (Figure 5.2). C97 x L72 did not produce any plants with 
active transgene expression. Given that the L72 locus could spontaneously change 
its silencing behavior (Table 5.2, set 4), the result was inconclusive. F2 C97 x E82 
was contradictory to the hypothesis because one GFP active plant segregated from 
42 plants. In summary, transgene silencing was variable in F2 plants containing 
type C loci. Trans gene silencing in L9 l seemed not be affected by the exposure to 
C73, but transgene silencing in E82 was still suppressed in the F2 generation after 
the interacting loci segregated. 
The hypothesis tested for endogene silencing in Table 5.2, set 3 was that plants 
with (U-, C/-), (E/-, C/-), (C/-) or (C/C) genotypes were wild-type like, only 
(LIL), (E/-) and (E/E) genotypes were copl-like in the F2 families, that is, type L 
and type E loci segregated without a heritable imprint. C97 x E82 and C73 x L 72 
were the two families that displayed segregation consistent with the hypothesis. 
However, many mild copl-like plants were among the plants scored as silenced in 
the F2 family of C97 x E82, indicating partially release of the endogene silencing. 
(Silenced plants having a bigger rosette or taller stems than the typical copl-like 
plants are called mild copJ-like.) 55 plants were screened in the F2 generation 
from cross C73 x L 72. Although no silenced plants were found among them, the 
population of 55 plants was too small to distinguish between a ratio of 0/16 (no 
silenced plants) or 1/16 (silenced plants predicted by the hypothesis). Therefore, 
although the C73 x L72 family agreed with the hypothesis by passing the chi-
square test, the statistics was not sufficient to exclude an explanation other than 
the hypothesis. 
C97 x L72 was contradictory to the hypothesis because of too many silenced 
plants than expected. Again, the result was inconclusive because of the eccentric 
behavior of L72 (Table 5.2, set 4). 
The remaining F2 families did not support the hypothesis because of the smaller 
than expected fraction of silenced plants, suggesting a heritable imprint (C73 x 
L91, C73 x E82, E82 x C73, and E82 x C97). For example, in the cross between 
C73 and E82, 3/16 plants were expected to be silenced. However, only 1 out of 
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Figure 5.2 Reactivation of transgene expression from a silenced E82 locus 
after exposure to GFP-COPI C73. 
Epifluorescence micrographs of whole-mounted seedlings are shown. 
Left column (panels A, D, G and J): Control: Progeny of a GFP-COP 1 E82 
hemizygous plant. GFP-COP 1 was active only in the root tissue. 
Central column (panels B, E, H and K): Progeny of a GFP-COP 1 C73 x E82 
dihybrid plant. GFP-COP 1 was active in the root, cotyledon and first and second 
sets of leaves. Arrows highlight the reactivated GFP-COP 1 in the cotyledons, leaf 
epidermis as well as in trichomes of the second set of leaves. 
Right column (panels C, F, I and L): Control: Progeny of a GFP-COP 1 C73 
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144 was actually silenced. Generally speaking, the ability of L91 and E82 to 
induce silencing seemed to be compromised by their exposure with C73 and the 
effect was heritable even after segregation of C73. C97 displayed a similar, but 
weaker effect on E82. 
The epigenetic suppression of E82 endogene silencing by C73 or C97 could also 
be demonstrated at the seedling stage (Table 5.4). C73 completely suppressed the 
early endogene silencing associated with a homozygous E82 locus (Figure 2.2, 
panel C) and C97 partially suppressed it. On the other hand, combination of the 
E82 locus and the L91 locus showed an additive interaction and no clue of any 
epigenetic heritable changes of the E82 locus. 
The genotype of individual F2 plants from family C73 x L91 and C73 x E82 were 
determined by Southern blotting (data not shown) or PCR analysis to find plants 
lacking the C73 locus, but containing L91 or E82. Two representative PCR gels 
are shown in Figure 5.3, panel B. Plants having only the L91 PCR product were 
identified as containing the L91 locus alone. PCR genotyping data combined with 
kanamycin resistance data were able to identify L91 hemizygous (upper gel, lane 
1 and 2) and homozygous plants (upper gel, lane 3 and 4). The homozygous L91 
plants were wild-type like, confirming the conclusion derived from the 
segregation data of C73 x L91. At the trans gene level, the expression was variable 
in L91 plants (Figure 5.3, panel C). 
Similarly, individual F2 plants without the C73 locus, but with one allele (Figure 
5.3, panel B, lower gel, lane 1 and 2) or two alleles (lower gel, lane 3 and 4) of 
E82 were identified. Both hemizygous and homozygous F2 E82 plants were wild-
type like. They all showed activation of GFP expression, which was in sharp 
contrast to the silenced parental E82 plants (Figure 5.3, panel D). 
Therefore, type C loci heritably changed the behavior of type L and type E loci. 
This phenomenon resembles paramutation observed in maize, and similar trans-
interactions reported in transgenic plants (Rollick et al., 1997). The type L and 
type E loci that had segregated from the type C loci acted differently than their 
naive counterparts, which had not be exposed to the type C loci. Using the 
nomenclature borrowed from the paramutation field, the segregated type L and 
type E loci were called paramutated and the symbol L' or E' was used in their 
names (e.g. L91', E82'). Accordingly, the original type Lor type E loci were 
called paramutable, and C73 and C97 were called paramutagenic. 
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Table 5.4 Endogene silencing in F2 families segregating for 
two T-DNA loci - dark grown seedling phenotypes 
Phenotype1> 
Silencing Parent lines Wild-type Mild Severe pES 
type cop cop 2) 
Combinations 
ExL 82 X 91 53 50 50 
CxL 97 X 72 106 0 0 
CxE 97 X 82 107 107 0 <0.001 
73 X 82 179 0 0 <0.001 
Single transgene loci - selfed ( controls) 
L 72 X 72 225 0 0 
L 91 X 91 411 0 0 
E 82 X 82 233 22 85 
C 97 X 97 182 3 0 
C 73 X 73 123 0 0 
F2 plants were derived from Fl dihybrid parents. 
1> Seedlings with a short hypocotyl, open and expanded cotyledons were 
screened as severe copl-like. Seedlings with an elongated hypocotyl, open 
and expanded cotyledons were screened as mild copl-like. 
2> X2 values were calculated for C x E with the expectation of 15 wild-type 
(or mild copl-like) seedlings for every severe copl-like seedling. Probabilities 
of a match with this expectation are given. 
Figure 5.3 Identification of F2 segregants containing only the GFP-COPI L91 
or E82 loci after exposure to the C73 locus demonstrates heritability of the 
trans-silencing interaction. 
(A) Legend to illustrate the phenotypic scoring system. '+' and'(+)' refer to GFP 
expression in the given tissue in all plants or most plants, respectively. 
(B) Diagnostic PCR assay. DNA from individual F2 plants was subjected to PCR 
with primers specific for L91 and C73 (upper panels) and E82 and C73 (lower 
panels). Lane 1: L91 or E82 control. Lane 10: C73 control. Lanes 2 to 9: Eight 
individual F2 plants. Each ethidium bromide stained gel picture comes from a 
single gel from which a subset of irrelevant lanes was deleted. Plants with a single 
hemizygous transgene were identified using the segregation ratio of the 
kanamycin resistance marker in the progeny of these F2 plants (KanR:s, either 3:1, 
15:1, or all). 'r' and 's' designate whether GFP-COPJ expression in the plants was 
reactivated or silenced as seen by fluorescence microscopy. 
(C, D) Transgene expression (bars) and endogene silencing phenotypes (cop, wt) 
of dihybrid Fl plants and individually genotyped F2 and F3 progeny as well as 
parental controls for (C) L91 and C73 and (D) E82 and C73. Bars reflect the 
percentage of plants with the given trans gene silencing patterns described in (A). 
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A Legend 
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Gene silencing in type L lines was gene dosage dependent. The phenotype of 
dihybrid plants generated from crosses involving type L lines proved that 
homozygosity was not required for silencing, and gene dosage alone was 
sufficient. Therefore, an allelic interaction was not required for triggering PTGS. 
It was likely that RNA transcripts above the threshold level triggered the RNA 
degradation process in type L plants. 
Type E loci induced early onset endogenous COP 1 silencing when they were 
homozygous and their hemizygous phenotype was similar to that of homozygous 
type L plants. Given that type E loci contain twice the gene dosage as type L loci 
(Table 3.5), the observation was consistent with a linear relationship between 
gene dosage and silencing. If type E silencing was strictly a gene dosage effect, 
then four type L loci should give the same phenotype as two type E loci. Among 
the progeny of dihybrid plants containing two type L loci, 1/16 plants should 
contain four type L loci. However, no early onset silencing phenotype was 
observed among the F2 plants segregating for two type L loci (data not shown). 
As discussed in chapter 3, in the case of E82, either a readthrough transcript or the 
direct repeat at this locus may promote dsRNA formation. Therefore, in type E 
plants, gene silencing was not simply gene dosage dependent. Instead, locus 
structure played an important role. 
When F2 plants from a dihybrid L91 x E82 parent were screened for their 
genotype and phenotype, spontaneous suppression of silencing was observed in a 
homozygous E82 plant and in plants with more than two transgene loci (Table 
5.3). The gene dosages found in these plants ranged from four complete T-DNAs 
to six complete T-DNAs. However, there did not seem to be a strict correlation 
between gene dosage and plant phenotype since both wild-type like and copl-like 
plants were found containing five T-DNAs [L91(+/-)E82(+/+)] and six T-DNAs 
[L91(+/+)E82(+/+)]. The suppression of endogenous COP] silencing in these F2 
plants was reminiscent of the type C lines, C73 and C97, which changed from 
type E, PTGS-like behavior in the T2 generation to TGS and no endogenous 
COP 1 silencing in the T3 generation (Table 3.5). It is possible that TGS of type C 
lines derived from PTGS in their early generations. And the elevated gene dosage 
of the type L and type E PTGS loci in a subset of the F2 plants might have led to 
an advanced stage of silencing, which may be characterized by silencing at the 
transcriptional level and loss of endogene silencing. 
L91 and E82 plants that lost their typical silencing phenotype were found in the 
F2 generation of crosses with the C73 locus. The GFP-COP 1 transcription rate of 
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F2 plants from crosses C73 x L91 and C73 x E82 was low as revealed by the 
nuclear run-on experiments (Figure 2.5 and Table 2.4). Therefore, the wild-type 
like L91 and E82 plants might escape endogene silencing because their GFP-
COP 1 transcription rate was not sufficiently high to trigger silencing. The 
phenomenon, that C73 heritably altered transgene expression in the L91 and E82 
loci, resembles paramutation. However, instead of an allelic interaction defined in 
paramutation, non-allelic transgene interactions were involved here. This 
paramutation-like transgene interaction was analyzed further in chapter 6. 
The paramutagenicity of C73 could come from sites within its locus or sites in the 
flanking sequence. The paramutagenicity of the maize rl locus does not map to a 
single site but rather to multiple additive sites in each haplotype. Reducing the 
number of rl genes generally results in decreased paramutagenicity, while 
increasing the number of r 1 genes results in increases in paramutagenicity 
(Chandler et al., 2000). The locus structure of C73 is not known yet, other than 
that more than three T-DNAs are present (Table 3.5). The paramutagenicity of 
C73 could be the synergistic effect from these T-DNAs. C97 showed a weaker 
effect on suppressing silencing in E82 compared to C73 (Table 5.2, 5.4). Perhaps, 
more T-DNAs are present within the C73 locus than within either of the two C97 
loci, which needs to be confirmed. 
The sequence required for the maize bl paramutation lies to the upstream of the 
promoter-proximal region (Patterson et al., 1995; Chandler et al., 2000), and a 
distal upstream enhancer element is responsible for the paramutagenicity of the 
maize P 1-rr' locus (Sidorenko and Peterson, 2001). Although no specific features 
were discovered in the flanking sequence of the C73 locus, a cryptic element 
responsible for the paramutagenicity might exist. Actually, genomic environment 
was implicated in paramutation in two transgene examples, the petunia al 
transgene (line17) and the tobacco 271/H2 transgenes (Meyer et al., 1993; Park et 
al., 1996). Only the al transgene in line 17 showed paramutation-like behavior. 
The same transgenes located elsewhere in the genome did not show the instability 
of flower color and were not affected by the paramutagenic al allele. Although 
271 can transcriptionally silence H transgenes, only expression in the H2 locus 
was altered heritably. And it is intriguing that 271 and H2 loci are both telomere 
proximal. However, no such common features associated with genomic 
environment were found between C73 and L91 or E82, or between C97 and E82. 
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Chapter 6. Study of the paramutation-like trans-interaction 
6.1 Introduction 
The reported paramutation cases have been characterized for the reversibility of 
the paramutated phenotype, the acquisition of paramutagenicity by the 
paramutated alleles, and the correlation with DNA methylation. Paramutated rl 
and pll alleles can regain gene activity when hemizygous, or when heterozygous 
with neutral alleles (Rollick et al., 1995; Styles and Brink, 1969). Increased 
activity of the paramutated al and H2 transgene alleles is also observed in 
subsequent generations in the absence of the paramutagenic partner (Meyer et al., 
1993; Park et al., 1996). In contrast, the paramutated maize bl locus can not 
return to its naive expression state (Patterson et al., 1995). 
The paramutated maize alleles become paramutagenic themselves and so does the 
paramutated transgene al in petunia (Brown and Brink, 1960; Coe, 1966; Rollick 
et al., 1995; Meyer et al., 1993). In contrast, the tobacco H2 transgene does not 
acquire paramutagenic activity. Notably, the latter is the only example involving 
interactions between non-allelic transgenes rather than alleles (Park et al., 1996). 
Methylation is correlated with paramutation at the maize rl locus, the petunia al 
trans gene and the tobacco H2 trans gene (Walker and Panavas, 2001; Meyer et al., 
1993; Park et al., 1996). No methylation difference has been found between the 
paramutable and paramutagenic alleles at either the bl or pll locus (Patterson et 
al., 1993; Chandler et al., 2000; Rollick et al., 2000). 
Given that the reversibility, the acquisition of paramutagemc1ty and the 
correlation with methylation differ from one paramutation case to the other 
(Rollick et al., 1997), these characters of the paramutated L91' and E82' loci 
were investigated. Both the paramutated L91' and E82' loci could reverse their 
phenotype and the paramutation in both loci was not associated with methylation 
changes in the sites surveyed. While the E82' locus did not become 
paramutagenic, positive evidence emerged that L91' might have obtained this 
ability. 
6.2 Materials and methods 
Analysis of transgene methylation by Southern blotting: Genomic DNA was 
extracted from inflorescences as described in chapter 3 or from groups of about 
10 ten-day-old seedlings. Each DNA sample was digested overnight by either 
Mspl or Hpall. Southern blotting was carried out following methods in chapter 3, 
and was probed with a COP 1 full-length cDNA probe. 
Genetic crosses were carried out as described in chapter 3. 
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6.3 Results 
6.3.1 Reversibility of the paramutated state 
Paramutated plants L91' and E82' were grown for up to five generations after 
segregating away from the paramutagenic locus C73 and the reversibility of the 
paramutated state was examined for transgene and endogene separately (Table 
6.1). 
Four L91' and two E82' hemizygotes, and three L91' and two E82' homozygotes, 
all wild-type like, were identified in the first generation after segregating away 
from the C73 locus. No silenced plants appeared in the second generation. 
However, in the third generation, silenced plants segregated from the four 
genotypes, and the percentage of the progeny reversed to the naive phenotype 
ranged from 6% to 14%. Therefore, like in most paramutation cases, the 
paramutated phenotype was reversible. However, the wild-type like plants 
produced 100% wild-type like progeny in the fourth and the fifth generation. 
Hence, the imprinting left by the paramutagenic allele could be inherited to at 
least the fifth generation after the segregation of the paramutagenic locus. 
GFP expression in the seedlings showed subtle changes through the generations 
(Table 6.1). Transgene expression remained high in the progeny of the 
hemizygous L91' plants and in the fourth and fifth generations, almost 100% 
seedlings were GFP active in the roots, the cotyledons and the primary leaves. 
Overall, the progeny of the hemizygous L91' plants had higher GFP expression 
than their naive counterpart. 
The progeny of the homozygous L91' showed a progressive reduction in GFP 
expression. In the fourth generation, none of the seedlings observed were GFP 
active in the primary leaves. GFP expression in the cotyledons, even occasionally 
in the roots, was reduced in the fifth generation. Given that homozygous L91 
usually is GFP positive in the roots and cotyledons, and GFP negative in the 
primary leaves (Figure 2.4, panel A), homozygous L91' appears to recover its 
transgene silencing. 
The trend of trans gene expression in the E82' plants was that GFP-COP 1 was 
expressed in the roots, the cotyledons, and largely in the primary leaves of the 
homozygous seedlings, but it gradually silenced in the primary leaves of the 
hemizygous seedlings. Nevertheless, transgene expression was much more active 
in E82' than in E82, which only had GFP expression in the roots. Hence, the 
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Table 6.1 Transgene and endogene silencing in L91' and E82' plants 
COP 1 endogene GFP(%) 
genotype1> active silenced root coty. lYJeaf n 
First generation 
L91 '(+/-) 4 0 100 100 75 4 
L91'(+/+) 3 0 100 100 33 3 
E82'(+/-) 2 0 100 100 0 2 
E82'(+/+) 2 0 100 50 0 2 
Second generation 
L91 '(+/-) 24 0 100 100 59 64 
L91 '(+/+) 27 0 100 100 6 48 
E82'(+/-) 25 0 100 97 35 32 
E82'(+/+) 21 0 100 94 78 32 
Third generation 
L91 '(+/-) 42 2 (14%)2> 100 100 78 32 
L91'(+/+) 50 3 (6%) 100 94 3 32 
E82'(+/-) 79 11 (12%) 100 94 69 64 
E82'(+/+) 45 7 (13%) 100 100 47 32 
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Table 6.1 (continued) 
COP 1 endogene GFP(%) 
genotype!) active silenced root coty. lYleaf n 
Fourth generation3> 
L91 '(+/-) 27 0 100 100 100 16 
L91 '(+/+) 27 0 100 100 0 16 
E82'(+/-) 26 0 100 100 31 16 
E82'(+/+) 27 0 100 100 94 16 
Fifth generation 
L9 l '( +/-) 18 0 100 100 94 16 
L91 '(+/+) 18 0 88 38 0 16 
E82'(+/-) 18 0 100 100 6 16 
E82'(+/+) 18 0 100 100 81 16 
Control 
L9 l (+/-) 98 86 66 44 
E82 (+/-) 100 0 0 22 
1> Genotype for the first generation is for individual plants. Genotype for the rest 
of the generations presents the parent genotype. 
2> The percentage of reversed plants was calculated by dividing the actual number of 
silenced plants observed by the number of expected silenced plants. 
3> Plants of the fourth generation were derived from wild-type like parents. 
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reactivation in E82' was basically maintained, together with the loss of COP 1 
cosuppression. 
In general, transgene expression remained at a high or a relatively higher level in 
L91' and E82'than in their naive counterparts, with the exception of homozygous 
L91 ', which returned to a low expression state. At the same time, the suppression 
of endogenous COP 1 silencing prevailed in the majority of the progeny. The 
wild-type like L91' and E82' plants probably had a lower transcription rate of 
GFP-COP 1 than their naive silenced plants, thus, could not trigger transgene 
silencing and cosuppression. The wild-type like plants that did have silenced 
transgene expression (such as the homozygous L91' plants in the fifth generation) 
might suffer from a severe, yet incomplete transcription reduction of the 
trans gene. 
6.3.2 Paramutagenicity of the paramutated loci 
The paramutagenicity of the paramutated L91' and E82' loci was tested by 
crossing them with naive loci (Table 6.2). The paramutagenicity of L91' was 
tested on the naive E82 locus and the paramutagenicity of E82' was tested on the 
L91 and E83 loci. Fl dihybrid plants were identified by checking segregation of 
kanamycin sensitive and resistant seedlings in the F2 population. Only dihybrid 
plants would produce one kanamycin sensitive plant out of sixteen progeny. 
The four dihybrid plants from a control cross, L91 x E82, were all copl-like 
(Table 6.2), consistent with previous experimental results (Table 5.1). Another 
control cross was L91' x E82'. They gave rise to exclusively wild-type like 
dihybrid plants. Therefore, L91' locus did not reverse its phenotype when 
exposed to another transgene locus and the same conclusion was true for E82' 
locus. 
Crosses L91' x E82 and E82 x L91' produced a fraction of wild-type like dihybrid 
plants. Especially for the cross E82 x L91 ', 8 out of 10 dihybrid plants identified 
were wild-type like. One of the four dihybrid plants from the reciprocal cross 
L91' x E82, was wild-type like and three were mild copl-like, indicating a 
reduction of the endogene silencing. In contrast, the nine dihybrid plants from the 
cross E82'x L91 were all silenced with a copl-like or mild copl-like phenotype, 
so were the 8 dihybrid plants from the reciprocal cross, L91 x E82'. The Fl data 
suggested that L91' was able to modify the silencing of the naive E82 locus while 
E82' was unable to modify that of the naive L91 locus and behaved similarly as 
E82 in the crosses with the naive L91 locus. Consistent with the above 
conclusion, E82' x E83 produced all silenced dihybrid Fl progeny. 
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Table 6.2 Transgene and endogene silencing in Fl dihybrid plants with 
paramutated loci 
parents Fl dihybrid plants 
endogene silencing GFP expression (%) 
cop mcop wt root coty. 1Y1eaf n 
L91 ' ( +/-) x E82 ( +/-) 0 3 1 100 0 0 2 
E82 (+/+) x L91 '(+/-) 1 1 8 100 0 0 9 
E82'(+/-) x L91 (+/-) 8 1 0 100 86 57 7 
L91 (+/-) x E82'(+/+) 8 0 0 100 75 38 8 
E82'(+/-) x E83 (+/-) 3 1 0 100 0 0 3 
controls 
L91 (+/-) x E82 (+/-) 4 0 0 100 0 0 3 
L91'(+/+) x E82'(+/+) 0 0 26 100 88 75 16 
mcop: mild copl-like 
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Some of the dihybrid plants were checked for GFP expression when 10-day-old. 
The transgene was active in dihybrid plants from crosses E82' x L91, L91 x E82' 
and L91' x E82' in the roots and also in the cotyledons and the primary leaves of 
the majority of the plants checked. However, the cross between E82' and E83 did 
not produce seedlings with active GFP expression beyond the roots, which was 
also true for all the other crosses. Therefore, although L91' suppressed endogene 
silencing of E82, it did not induce reactivation of transgene expression from the 
E82 locus, which C73 achieved (Figure 5.2). 
The Fl data indicated two modes of interactions between the paramutated loci and 
the paramutable or potentially paramutable loci. L91' could trans-silence E82 at 
the endogene silencing level, showing a suppressive interaction. No trans-
silencing interaction was observed between E82' and L91, or E83. Instead, E82' 
and L91 induced endogene silencing synergistically in the dihybrids, showing an 
additive interaction. The heritability of these interactions was examined in the F2 
plants derived from dihybrid parents (Table 6.3). A surplus of wild-type like 
plants segregated in the control cross L91 x E82, compared to the expectation 
based on an additive interaction (PA< 0.001). This has previously been attributed 
to spontaneous suppression of silencing in the F2 progeny (Table 5.3). The cross 
between L91' and E82' produced 17 wild-type like and one copl-like plants, 
confirming that both paramutated loci did not substantially reverse their 
phenotype during the interaction. The F2 phenotype in families from crosses E82' 
x L91 and E82' x E83 did support an additive interaction, during which E82' did 
not suppress gene silencing in type Land type E loci. Like the control cross L91 x 
E82, L91 x E82' produced many wild-type like plants, a phenotype segregation 
contradictory to an additive interaction. Hence, some of the progeny must have 
suppressed silencing spontaneously. Crosses between L91' and E82 did not 
support the additive interaction, either. The F2 family from cross L91' x E82 
fitted the non-heritable suppressive mode: L91' suppressed silencing of the E82 
locus, but there was no evidence for an epigenetic imprint on E82. On the other 
hand, the cross E82 x L91' did not support this non-heritable suppressive mode 
because of too few silenced plants in the F2 family. It suggested that there might 
be a heritable suppression of silencing of E82 plants, that is, L91' might be 
paramutagenic. 
One family out of each of the crosses L91' x E82 and E82 x L91' was genotyped 
by PCR (Table 6.4). Plants containing both the L91' and E82 loci were all wild-
type like. The only E82 plant identified from the cross L91' x E82 was capl-like. 
So in this case, the E82 locus was able to segregate from the cross without losing 
its ability to silence. However, the five 'E82 only' plants identified from the 
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Table 6.3 Paramutagenicity test: endogene silencing in F2 families 
parental genotype endogene 
maternal ;paternal active silenced 




total 57 15 





total 81 8 
E82'(+/-) L91 (+/-) 6 12 
L91(+/-) E82'(+/-) 11 7 
13 5 
12 6 
total 36 18 
E82'(+/-) E83 (+/-) 7 11 
controls 
L91 (+/-) E82 (+/-) 10 8 
L9 l '( +/-) E82'( +/-) 17 
Plants were preselected on kanamycin medium. 









1) Plants segregating for L9 l' and E82: Additive mode: plants containing the L9 l' locus alone, 
either hemizygous or homozygous would be active; all the plants with the E82 locus would be 
silenced; active: silenced= 3/15: 12/15. Suppressive mode: all the plants with the L91' locus would 
be active; plants containing the E82 locus alone would be silenced; active: silenced= 12/15 : 3/15. 
2) Plants segregating for L91 and E82': additive mode: hemizygous and homozygous E82' plants 
without the L91 locus and hemizygous L91 plants without the E82' locus would be active; all the 
other genotypes would be silenced; active: silenced= 5/15 : 10/15. 
3) Plants segregating for E82' and E83: additive mode: hemizygous and homozygous E82' plants 
without the E83 locus would be active; all the other genotype would be silenced; active : silenced= 
3/15 : 12/15. 
4) Plants segregating for L9 l and E82: additive mode: hemizygous L9 l plants without the E82 locus 
would be active; all the other genotype would be silenced; active: silenced= 2/15 : 13/15. 
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Table 6.4 Paramutagenicity test: PCR genotyping of F2 plants and their 
corresponding phenotype 
F2 family locus contained 
L91 & E82 L91 E82 
active silenced active silenced active silenced 
L91 'x E82 9 0 8 0 0 1 
E82 x L91' 10 0 2 0 5 0 
reciprocal cross, E82 x L91 ', were all wild-type like, suggesting an imprint left by 
the L91' locus. Therefore, not only the paramutated L91' locus was able to 
suppress silencing when present together with the E82 locus, but also there was a 
heritable component in the interaction in at least one of the two families tested. 
In summary, the additive interaction involving E82', observed in the Fl 
generation, was reiterated inconsistently in the F2 families. The F2 families that 
did not display the additive interaction could be explained by the spontaneous 
suppression of gene silencing in a fraction of the plants. The suppressive 
interaction displayed by L91' was recapitulated in the F2 generation, but both 
interactions with a heritable component and without a heritable component were 
identified. 
6.3.3 Methylation and the paramutation-like trans-interaction 
The methylation status of three Mspl/Hpall sites along the COP I coding region 
was surveyed. The DNA samples were digested by either Mspl or Hpall, and the 
Southern blots were probed with a COP I cDNA probe. Mspl and Hpall are 
isoschizomers of CCGG sites. They are both methylation sensitive. Methylation 
of the first C will block Mspl digestion, while methylation of either C site will 
block Hpall digestion. 
The methylation status of the endogenous COP I and of the trans gene loci that had 
not been involved in any transgene interaction was addressed first (Figure 6.1, 
panel A). Four Mspl/Hapll sites are present along the genomic _COP I sequence, 
the first three in exons and the last one in an intron (Figure 6.1, panel C). Based 
on the banding patterns of the DNA sample from the wild-type Col plants, Mspl 
must have cut at least the third or the fourth site on the genomic COP I, while 
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Figure 6.1 Analysis of methylation status in L91 and E82 naive and 
paramutated plants. 
(A, B) Genomic DNA was digested with either Mspl (M) or Hpall (H) and 
probed with the COP 1 cDNA probe. 
(C, D) Methylation of the Mspl/Hpall sites on the genomic COP 1 sequence (C) 
or the COP] transgene (D). 
The Mspl/Hpall sites on the T-DNA and on the endogenous COPl and its 
flanking sequence were indicated by a short vertical line. The CG-methylated 
sites were labeled with a filled circle. See the legend of Figure 2.1 for description 
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Hpal/ did not cut either of these two sites. Therefore, these two sites must have 
been CG methylated if not CNG methylated (Figure 6.1, panel C). 
The banding patterns of the DNA samples from hemizygous and homozygous 
adult L91 plants were similar, suggesting no difference of DNA methylation 
between wild-type like and copl-like L91 plants (Figure 6.1, panel A). Among 
the Msp/ digested samples, the band with the highest molecular weight should be 
from the endogenous COP 1. The 1kb and 1.5kb bands revealed could be the two 
products derived from cutting the COP 1 transgene on the third sites, and the 
2.5kb band could be the transgene undigested on the third sites (Figure 6.1, panel 
D). On the other hand, Hpall did not cut this site and produced only the 2.5kb 
band from the transgenic COP 1. 
Although E82 and C73 had complex locus structures (Table 3.5, Figure 3.3), their 
banding patterns of the adult DNA samples were not so different from that of the 
L91 plants (Figure 6.1, panel A). Therefore, the methylation level of E82 and C73 
on the Msp/1 Hpal/ sites surveyed was comparable to that of the L91 locus. On the 
blot loaded with seedling DNA samples, the 1kb and 1.5kb bands of E82 
disappeared, and the bands ranging from 1 kb to 1.5kb of C73 were fainter than 
C73 adult DNA. Even Mspl digestion of the endogenous COP 1 was less complete 
compared to the adult DNA samples. It seems that the seedling DNA samples had 
a higher methylation level than the adult. 
Methylation status of L91 ', E82' and the E82 locus segregated from crosses with 
L91' was revealed by Southern blot (Figure 6.1, panel B). Little difference existed 
in the banding patterns, between the paramutated and the naive L91 loci, and 
between the paramutated and the naive E82 loci of both adult and seedling 
samples. The seedling L91' DNA was more densely methylated than the adult 
sample, following the trend found in the E82 and C73 loci. There was little 
difference of the banding patterns between the two groups of E82 plants 
segregated from L91 ', though their phenotypes were different, one being copl-
like and the other being wild-type like. Hence, they were not distinguishable at 
the level of the Mspl/Hpal/ site methylation, which was similar to that of the E82' 
locus paramutated by C73. The wild-type like E82 plants might have a slightly 
higher CG transgene methylation since the ~2.5kb band was not there and the 
higher molecular weight band was very strong. Taken together, no strong 




The paramutated L91' and E82' loci were scrutinized for the reversibility of the 
paramutated state, the acquisition of paramutagenicity, and the correlation with 
DNA methylation. The paramutated state of L91' and E82' was reversible, like 
most reported cases of paramutation. In detail, at the third generation after the 
C73 locus segregated away, a fraction of the plants reversed their phenotype in 
both the L91' and E82' plants (Table 6.1). Therefore, whatever the imprint left on 
L91' and E82' by the C73 locus, it could be lost and the original expression state 
could be reestablished. The segregation of copl-like plants argued against a DNA 
sequence change in the L91' and E82' loci and favors an epigenetic theory for 
paramutation. The L91' and E82' loci, either in the hemizygous or homozygous 
state, showed the similar rate of losing the imprint, because the reversal appeared 
at the third generation for both loci, and in a similar fraction of the progeny. 
Although the paramutated state could be reverted, the imprint was usually quite 
stable and was inherited efficiently to up to the fifth generation after segregating 
from the paramutagenic C73 locus. 
The L91' locus clearly behaved differently from its naive counterpart in the 
interaction with E82, suppressing endogene silencing of the type E locus in the 
dihybrid plants (Table 6.2). The suppressed state of E82 lasted after L91' 
segregated away, suggesting the L91' locus might acquire paramutagenicity 
(Table 6.3). However, given that a wild-type like E82 plant segregated in the 
cross L91 x E82 (Table 5.3), more data are needed to prove that the switch of 
phenotype in E82 was due to the paramutagenicity of L91 ', instead of a 
spontaneous action of the E82 locus. For example, if L91' could heritably 
suppress silencing in another paramutable locus, its paramutagenicity would be 
demonstrated. The dihybrid E82'/L91 plants, on the other hand, had the same 
endogene silencing phenotype as the dihybrid E82/L91, although the transgene 
was active in the dihybrid E82'/L91. Hence, E82' did not become paramutagenic, 
nor could it trans-silence L91. In the maize bl locus, paramutation is associated 
with changes at the chromatin structure (Chandler et al., 2000). Therefore, the 
lack of paramutagenicity in E82' might be caused by its location right inside a 
MAR (Table 3.6), which may interfere with the formation of a condensed 
chromatin structure. 
The correlation between DNA methylation and paramutation in the well-known 
paramutation examples is inconsistent (Rollick et al., 1997; Chandler et al., 
2000). It is quite possible that DNA methylation does not play a direct role in 
paramutation. In the paramutation cases where DNA methylation is involved, the 
methylation might contribute to the establishment of a condensed chromatin 
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structure. In the cases where DNA methylation is not involved, the repressive 
states must be established directly by chromatin proteins. No DNA methylation 
difference was found between the naive and the paramutated loci (Figure 6.1). It 
was still possible that DNA methylation played a role in the GFP-COP 1 
paramutation because only three Mspl/Hpall sites on the transgenic COP 1 coding 
sequence were surveyed. In the maize r 1, petunia al (line 17) and tobacco H2 
locus, the promoter regions have been found with increased methylation after 
paramutation (Chandler et al., 2000; Meyer et al., 1993; Parker et al., 1996). It 
would be interesting to examine the methylation status of the 35S promoter and of 
the 5' region of GFP-COPJ. 
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Chapter 7. Identification of Arabidopsis mutants impaired in cosuppression 
7.1 Introduction 
Mutations affecting gene silencing have been identified in Arabidopsis (Table 
1.1). Based on the mutagenesis in Arabidopsis and biochemical data in 
Drosophila, a RNA based plant gene silencing model has been proposed (Figure 
1.1). Mutations found in Arabidopsis affect dsRNA formation (sgs2/sdel, sgs3, 
ago] and sde3) and the establishment or maintenance of gene silencing (ddml and 
metl). However, none of the mutations interferes with processes downstream of 
dsRNA formation, such as the production of small RNA, or the degradation of 
mRNA. Hence, new mutations that participate in the actions downstream of the 
dsRNA formation are waiting to be discovered unless those downstream steps are 
important for cellular functions other than silencing and more basic than 
silencing. 
Another piece of evidence suggesting new genes remain to be discovered is that 
the previous mutagenesis screens have not reached saturation. For example, sgs 
and ago] mutations were identified from screens of transgenic 35S-GUS 
Arabidopsis that undergo PTGS (Elmayan et al., 1998; Fagard et al., 2000). The 
screens were conducted on the progeny of 2000 EMS-treated seeds. The numbers 
of plants screened are relatively small and are far from saturation. To illustrate, if 
the expected induced rate of mutation on genome basis is 1 x 10-4, approximately 
46,050 seeds must be treated with the mutagen in order to recover at least 1 allele 
of the desired gene at 99% probability (Redei and Koncz, 1992). Therefore, it is 
likely that additional genes contributing to PTGS remain to be identified. 
Homozygous GUS-COP 1 L4 plants were used in the following mutant screen. 
Compared to other systems used to identify mutations (Table 1.1), an endogenous 
partner, the COP 1 gene, is present in the GUS-COP 1 transgenic plants. The 35S-
GUS line used in the sgs and ago] screen, induces silencing efficiently in both 
hemizygotes and homozygotes. It contains a direct repeat of two T-DNAs within 
its locus, thus resembling the type E locus structure of the 35S-GFP-COP 1. L4, a 
simple locus, induced silencing efficiently in the homozygous plants, probably 
facilitated by the presence of the endogenous COP 1 partner. The communication 
between the transgene and the endogene brings one more step that the 
mutagenesis might target. Consequently new mutants in charge of this step might 
be discovered in the mutagenized GUS-COP 1 plants. 
113 
7.2 Materials and methods 
640 seeds of the homozygous GUS-COP] L4 were incubated for 16 hr at room 
temperature in 10ml of water containing 0.4% ethyl methanesulfonate (EMS) 
(Sigma), washed several times with water, and planted in soil. Plants (Ml 
generation) were allowed to self-fertilize, and seeds were harvested in bulks of 
twenty mutagenized plants. Seeds from the Ml plants were sown in soil, about 
400 seeds from each seed pool. Wild-type like plants (M2 generation) that were 
GUS positive in the leaves were selected as putative mutant plants and self-
fertilized seeds were harvested. 
The putative mutant lines were backcrossed to homozygous L4 plants to obtain a 
mutant line with fewer background mutations. Plant phenotype and GUS 
expression were screened for selected plants of Fl, selfed F2 and F3 generations. 
A second backcross is in progress by crossing wild-type like plants in the F3 
generation to homozygous L4 plants. Statistical probabilities were calculated by 
Chi-square test using Microsoft Excel. 
7.3 Results 
640 seeds of the homozygous GUS-COP 1 L4 line were mutagenized with EMS. 
Plants (Ml) were allowed to self-fertilize, and seeds were harvested in bulks of 
twenty plants. About four hundred seeds ( or all the seeds available if less than 
four hundred), from each of 32 bulks were sown in soil. Plants (M2) with a wild-
type like phenotype that were GUS positive in the leaves were picked up as 
putative mutants. These plants were allowed to self-fertilize. Seeds (M3) from 
these plants were germinated on GM medium with kanamycin. Ten to twenty 
seedlings from each line were stained for GUS activity. Another nine to twenty 
four seedlings were transplanted to soil and observed for their adult phenotype. 
Six lines, each from a different bulk, showed high GUS expression and were wild-
type like in all their progeny, indicating that the impairment of silencing in these 
plants was heritable. They were named mutl to mut6. Each of the six lines was 
backcrossed to homozygous GUS-COP 1 L4 plants to purge the background 
mutations. Two representative backcross results are summarized in Figure 7.1. 
Five of the six Fl plants from the backcross of mutl to L4 homozygotes were 
wild-type like and one was copJ-like (Figure 7 .1, panel A). The selfed progeny of 
the wild-type like Fl plants included 23 wild-type like and 4 copJ-like F2 plants. 
F3 plants from two F2 wild-type like parents were grown to the adult stage, and 
displayed a mild copl-like phenotype. GUS assay of the adult F3 plants indicated 
that they had low GUS expression. One of the F3 plants was backcrossed to a 
114 
A mutl x L4(+/+) 
i 
Fl: 1swtl- lcop 
~@ 
F2: I 23wt I- 4cop 
~ 
F3 
9mild cop 9mild cop x L4(+/+) 
lo.n, o:£ I i I o.76, ~1 I 
Seedling 0.30, 0.20, 
0.38, 0.40, 0. 70 
Adult 0.34, 0.30, 0.11 
,__ Fl: 1 lcop 
Figure 7.1 Backcross of the putative mutants to homozygous GUS-COPl L4. 
The putative mutant lines were backcrossed to homozygous GUS-COP 1 IA to 
minimize the presence of the background mutation. The phenotypic segregation in 
the mutl (A) and mut2 (B) backcrosses is shown. Each number in the grey boxes 
represents GUS activity in nmol MU per min per mg protein of a single adult 
plant if not otherwise marked. The possible genotype segregation in the mut2 
backcross (B) is indicated with italicized letters in parentheses. D indicates an 
incompletely dominant allele of the mutant gene and - is a wild-type allele of the 
gene. 
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B mut2 x L4( +/+) 




F2: 117wtl- lOcop 
(DID), (DI-) (-I-) 
(DID) 
9wt 
(DID), (DI-), (-I-) 
IL35.1fo1 
9wt x L4( +/+) 
lz.13,2.~I t 
Seedling 1.53, 0.37, 
0.40, 0. 77, 0.43 
Adult 1.24, 0.27, 1.73 
Figure 7.1 (continued) 
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I 2.06, 2.65 
homozygous L4 plant, g1vmg rise to exclusively copl-like Fl plants. GUS 
expression in Fl plants, both seedlings and adults, was relatively low and 
comparable to that of the homozygous L4 plants. The phenotypic segregation in 
the first backcross of mutl plants excludes the possibility that mutl was a single 
recessive mutant, like the sgs mutants, or a single dominant mutant, or a cis-acting 
mutant within the GUS-COP 1 transgene. One explanation is that the mutl 
phenotype was the result of mutations in a set of partially redundant genes. The 
backcross and subsequent selfing would cause a fraction of the progeny to lose 
some of the mutant alleles either by simple Mendelian segregation or by linkage 
to secondary lethal mutations that would be selected against, thus failing to 
sustain the wild-type like phenotype any more. 
All the Fl plants from the first backcross of mut2 to homozygous L4 were wild-
type like (Figure 7.1, panel B). In the F2 generation, 17 plants were wild-type like 
and the remaining 10 plants were copl-like. F3 plants from two F2 wild-type like 
parents were all wild-type like and they had high GUS expression in adult leaves. 
One F3 plant was backcrossed to L4. There were 5 mild copl-like and 6 copl-like 
plants segregated in the Fl generation. GUS expression level was variable in the 
Fl seedlings and adults. One mild copl-like Fl plant produced 14 wild-type like 
and 4 copl-like plants in the F2 generation. GUS expression was high in the wild-
type like F2 plants. One copl-like Fl plants generated all copl-like plants in the 
F2 generation. The phenotypic segregation in the backcross of mut2 indicates a 
dominant mutation. In the first backcross, all Fl plants were heterozygous for the 
mutation, thus both wild-type like and copl-like plants segregated in the F2 
generation with a 3 to 1 ratio (17 wt and 10 cop, P3:1 = 0.15). The F3 plant used in 
the second backcross should be heterozygous for the mutation, because both mild 
copl-like and copl-like Fl plants segregated in the backcross with a 1 to 1 ratio 
(5 mild cop and 6 cop, P1:1 = 0.76). Although the F3 family with this plant failed 
to produce any copl-like plants, the segregation still fits a 3 to 1 ratio (9 wt and 0 
cop, P3:1 = 0.08). The F2 plants in the second backcross also agreed with a 3 to 1 
segregation of wild-type like and copl-like plants (14 wt and 4 cop, P3:1 = 0.79). 
Note that in the Fl generation of the second backcross, plants heterozygous for 
the mutation were mild copl-like, suggesting the mutation was partially 
dominant. 
The backcross result of mut4 was similar to that of mutl with the loss of the 
suppression phenotype in the F3 generation (data not shown). The mut3, mut5 and 
mut6 showed heritable suppression of silencing in the two backcrosses, but the 
segregation ratios could not be simply explained by a single dominant or recessive 
mutation (data not shown). 
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7 .4 Discussion 
Six putative mutants were selected from EMS mutagenized GUS-COP 1 IA 
homozygous plants. They were backcrossed to the IA homozygotes to eliminate 
background mutations. mutl and mut4 produced all silenced F3 progeny in the 
backcrosses. The two mutant lines might harbor multiple redundant mutations and 
the loss of the suppression of gene silencing phenotype might be due to 
elimination of mutant alleles through backcross and selfing. 
A partially dominant mutation might be in charge of mut2. Some of the 
heterozygous plants produced in the backcrosses were mild copJ-like, indicating 
the mutation was incompletely dominant. Although the reported PTGS mutants 
are all recessive mutations, one allele of sgs3 behaved as an incompletely 
dominant allele in crosses (Mourrain et al., 2000). This sgs3 allele harbors a 
mutation causing an amino acid change in the functional domain of the SGS3 
protein. Similarly, the mutation in the mut2 line could be such a mutation, 
negatively interfering with the normal function of a protein in PTGS. 
The backcrosses of mut3, mut5 and mut6 could not be explained by a single 
dominant or recessive mutation. There are two possible interpretations. First, 
there might still be background mutations even after two rounds of backcrossing. 
The background mutations might interfere with the copJ-like phenotype in a way 
not related to silencing, such as modifying the light signaling pathway. Second, 
the mutation might repress PTGS progressively. No mutation is known to have 
such an effect on PTGS, but theoretically, it could happen if genes in charge of 
DNA methylation or chromatin remodeling are affected. They might not release 
the PTGS of the GUS-COP 1 transgene at once. Instead, they might gradually 
increase the methylation level in the GUS-COP 1 transgene, thus decreasing the 
transcription rate of the transgene and resulting in suppression of PTGS. 
The mutagenesis is not yet completed. The putative mutants, mut3, mut5 and mut6 
need to be backcrossed to the IA homozygotes for a third time to observe the 
phenotype segregation. If there were background mutations, the third backcross 
should help to eliminate most of them. Maybe the phenotype segregation can then 
be explained by a simple Mendelian rule. If the mutations have a progressive 
effect on PTGS, the third backcross would still produce phenotype segregation 
that can not be explained by any simple Mendelian rules, but they should show 
the same trend as the previous two backcrosses. Once a stable mutant line has 
been established, an allelism test should be carried out among the mutants and 
between the newly identified mutants and the known PTGS mutants. 
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Chapter 8. Significance and future directions 
8.1 The role of plant flanking sequences 
A unique system for studying gene silencing has been established in the 
GUS/GFP-COP 1 transgenic plants. Plant flanking sequences of 17 trans gene loci 
were determined and the features of the flanking sequence were analyzed. No 
correlation was found between silencing phenotype and genomic environment. 
Instead, transgene locus structure played a critical role in determining the 
silencing phenotype. Being the first large scale survey of transgene integration 
sites, the results demonstrate that in the GUS/GFP-COP 1 system, trans gene locus 
structure is the primary determinant of gene silencing phenotype and the effect 
from the genomic environment is usually insignificant. In the literature, however, 
genomic context has been implicated in gene silencing in transgenic petunia and 
tobacco plants (Prols and Meyer, 1992; Iglesias et al., 1997; Jakowitsch et al., 
1999). Perhaps, the compact genome of Arabidopsis, which does not harbor a 
high proportion of repetitive sequences and transposons as the genome of petunia 
or tobacco does, minimizes the influence of plant flanking sequences on trans gene 
expression. Indeed, the only transgenic line in the GUS/GFP-COP 1 system, 
which appeared to be affected by its genomic environment, L72, was located in a 
region containing a high density of transposons. 
8.2 Connection between PTGS and TGS 
Both PTGS and TGS were present in the system, with type L and type E loci 
undergoing silencing at the post-transcriptional level, and type C loci undergoing 
silencing at the transcriptional level. However, TGS observed in the type C 
transgene loci might be developed from PTGS, because in the T2 generation, type 
C loci behaved similarly to type E loci, but then lost the endogene cosuppression 
phenotype starting from the T3 generation (Table 3.5). Similarly, in the F2 plants 
segregating for the L91 and E82 loci, spontaneous suppression of endogene 
silencing was observed in some genotypes (Table 5.3), suggesting the elevated 
gene dosage of the type L and type E PTGS loci in a subset of the F2 plants might 
have led to TGS. Therefore, interactions between the T-DNAs inside the type C 
locus (e.g. C73) or between the loci (e.g. C97), resembling the interactions in 
plants containing multiple type E and type L loci, might change the initial 
behavior of the loci, letting PTGS mature into TGS. Given that little transcription 
is going on in transcriptionally silenced loci, TGS should be an energy-saving 
silencing strategy compared to PTGS. 
TGS is mitotically and meiotically heritable in all the reported cases. However, 
reversal of transgene silencing was observed in type C lines in this system, which 
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are silenced transcriptionally based on the nuclear run-on assay (Table 2.4). 
Specifically, C73 and C97 continued to express GFP in seedling roots. A 
straightforward explanation was that the C73 and C97 were transcriptionally 
silenced, but they became reactivated in the embryonic cell lineage leading to the 
root. The mechanism for reversal of TGS is not known. Alternatively, the type C 
loci may be silenced post-transcriptionally in meristematic and reproductive 
tissues and PTGS is reversed after meiosis, resulting in transgene expression in 
seedling roots. In the somatic tissues, however, PTGS may be superceded by TGS 
during development, explaining the result of the run-on assay. 
Although PTGS and TGS used to be thought of as completely distinct processes, 
recent discoveries have connected them together. dsRNA may trigger PTGS or 
TGS depending on whether the homology is between coding sequence or the 
promoter sequence, respectively (Mette et al., 2000; Sijen et al., 2001). Mutants 
affecting DNA methylation and chromatin structure could release both TGS and 
PTGS, indicating DNA methylation and chromatin structure are common factors 
underlying the regulation of PTGS and TGS (Morel et al., 2000). Here, the 
possibility emerged in the transgenic GFP-COP 1 plants that both PTGS and TGS 
could exist in the same plant (C73 and C97), and during the development of a 
plant, or through generations, PTGS could mature into TGS (C73, C97 and L91 x 
E82). 
8.3 Genetic loci affecting gene silencing 
The connection between PTGS and Arabidopsis ecotypes was investigated in the 
GUS/GFP-COP 1 transgenic plants. Given that different ecotypes have different 
susceptibility to virus infection, the natural target of PTGS, the finding that 
different ecotypes respond differently to the same transgene locus was perhaps 
not too surprising, yet it had not been reported. The genes responsible for the 
difference in virus susceptibility might be accountable for the variance in the gene 
silencing response as well. The discovery leads to a new way of searching for 
genes responsible for PTGS, that is, by mapping the genes that invoke different 
ecotype responses towards transgene-induced silencing. 
Using the mutagenized homozygous GUS-COP 1 I.A plants, a search for novel 
mutants impaired in PTGS is going on. Six putative mutants have been identified, 
but most of them did not behave as a single dominant or recessive mutation in 
backcrosses. Perhaps, the ecotype effect approach is more promising m 
identifying genes in charge of silencing than the EMS mutagenesis. 
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8.4 Future directions 
Given that C73 is a type C locus, transcriptionally silenced with 
paramutagenicity, its locus structure might shed light on how the transcriptional 
silencing was triggered and established, and how the silenced state was 
transferred to another locus, leaving a heritable imprint. The cross between L91' 
and E82 suggested that the L91' locus paramutated by C73 certain I y acquired a 
new epigenetic property, namely trans-silencing ability towards E82. In addition, 
L91' might have obtained secondary paramutagenicity. To confirm this, the 
paramutagenicity of the L91' locus should be tested on a paramutable locus, other 
than E82. If the result were positive, it would demonstrate that L91' did acquire 
secondary paramutagenicity. L91 is a simple locus, similar to the maize bl locus, 
which has strong paramutagenicity. The paramutagenicity of L91' may lie in the 
locus structure or the genomic environment. The two possibilities can be 
distinguished by testing for secondary paramutagenicity of another paramutated 
type L locus. If another simple locus acquired the ability, the simple locus 
structure should be able to encode the information required for the secondary 
paramutagenicity, which is probably epigenetic. If the result were the opposite, 
the flanking sequence of L91' should be responsible. 
The genetic loci, that are responsible for the ecotype type differences, and those 
identified in the mutagenesis, should be followed up. The genes responsible for 
the gene silencing difference between En and No, and between Ler and Col, can 
be mapped directly. Alternatively, complete linkage between the suppression of 
gene silencing phenotype and a candidate gene, such as one responsible for the 
different virus susceptibility between ecotypes, should reveal the identity of those 
genes. For each putative mutant isolated in the mutagenesis, a stable mutant line 
should be established and allelism tests between the putative mutants, and 
between them and the known mutants in gene silencing should be performed 
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